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Due to their extremely high specific energy, rechargeable Li-air batteries 
(LABs) could meet the demand for large-scale storage systems to integrate 
renewable sources into the power grid. LABs with aqueous catholytes have a 
higher potential to reach their slightly lower theoretical limits in practical 
devices, as the high solubility of discharge products in these catholytes enhances 
cycle efficiency and rate performance. Fast ion-conducting membranes are key 
components of aqueous/hybrid LABs, as they protect the lithium from reacting 
chemically with the catholyte. In this thesis, first NASICON-type 
Li1.5Al0.5Ge1.5(PO4)3  (LAGP) glass is synthesized using melt quenching method 
and heat treated to ensure crystallization. Detailed in situ synchrotron 
monitoring of the synthesis process provided insight into the formation 
mechanism and enabled a rationally optimised preparation of LAGP. The effect 
of annealing temperature on the properties of LAGP is also explored to ensure 
high ionic conductivity of the pellets. Rietveld refinements confirmed the 
formation of rhombohedral LAGP (space group R-3c) with GeO2 (P3121) as a 
secondary phase. Room temperature total conductivity of the ceramic pellet 
reached 4×10-4 Scm-1 with an activation energy of 0.35 eV. Protected anode 
systems for aqueous and hybrid LABs based on LAGP pellets are realised and 
stable operation with energy efficiencies exceeding 97% were achieved. One 
challenge for large scale Li-air batteries is to prepare the anode-protecting 
membranes in the appropriate dimensions at reasonable costs. Thus the key 
novelty of this work is fabricating scalable and chemically stable hybrid 
membranes against the commonly used catholytes. Fast lithium-ion conducting, 
light-weight, flexible hybrid inorganic-organic membranes are developed by 
combining LAGP with highly resistant polymer electrolytes. This involves both 
optimizing the ceramic component and its combination with the organic 
component to yield a membrane that can be tape-cast and maintains the 
favourable conductivity of the ceramic component. Moreover, the final product 
is not only highly stable but also mechanically flexible opening up a pathway to 
new battery designs. The finally optimised recipe resulted in a membrane with 
high chemical stability in both neutral and acidified solutions of LiCl (10M). 
 vii 
 
The lifetime of the cell comprising this anode-protecting membrane (second 
generation hybrid membrane) and acidified LiCl (10M; pH≈2) was greatly 
enhanced compared to that of PEO-based membrane. Utilising these 
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 CHAPTER 1: INTRODUCTION 
1.1 Overview 
Increasing demand for energy and energy storage has inspired the search for 
new chemistries for energy storage. Higher energy density, long lifespan, high 
cyclability and higher safety in portable applications has placed Li-ion batteries 
(LIB) above other types of batteries such as Lead-Acid, Nickel-Cadmium and 
Nickel-Metal Hydride batteries. Li-ion battery has played an important role 
since it was first introduced in 1991 by Sony and Asahi Kasei but key market 
segments such as grid support or transportation require higher energy densities 
than theoretically achievable with LIBs, where the energy density is limited by 
the intercalation chemistry of the electrodes.1  
Therefore, in the search for a reliable high energy density alternative for 
LIBs, Li-metal based battery chemistries and in particular Li-air batteries 
(LABs) have received increasing attention.2 To this moment, LABs offer the 
highest theoretical energy density amongst other types of rechargeable 
batteries.3, 4 Figure 1.1 compares the gravimetric energy density vs. gravimetric 
power density for the current energy storage systems. Non-aqueous (organic) 
and aqueous LABs are the two main types of Li-air batteries. In short, non-
aqueous LABs use a moisture degradable aprotic electrolyte. Aqueous lithium 
air batteries on the other hand, operate with a solid state electrolyte and an 
aqueous solution as the catholyte. In LABs, the total mass of the cathode system 
and the overall cell is reduced due to the fact that oxygen, the cathodic reactant, 
is not stored in the battery. During discharge, Li+ ions dissolved from the anode, 




environment. Both oxygen reduction and evolution reactions are catalysed on 
the cathode side.  
 
Figure 1.1 Comparison between gravimetric energy density and gravimetric power density for 
the available chemistries. 
While organic Li-air batteries offer the highest energy density amongst 
different types of LABs, they suffer from poor rate performance and energy 
efficiency due to the high polarization during cycling. The high polarization of 
the intended cell reaction results in the gradual decomposition of the organic 
electrolyte. Additionally, the reaction products are not soluble in the organic 
electrolyte, so that they deposit on the air cathode and subsequently block the 
pathway for O2.
5-7 To overcome this problem, organic electrolyte is formally 
replaced with aqueous catholytes with high solubility for the discharge 
products.8, 9 Aqueous Li-air batteries show enhanced cycle efficiency, power 
density and also higher practical energy density.8 Since a lithium anode would 
react chemically if in direct contact with the aqueous catholyte, the anode and 





This anode-protecting membrane is a key component of any aqueous 
LAB design. Several types of fast Li+ ion conducting solid electrolytes have 
been studied as a candidate for Li-air batteries operating with aqueous catholyte 
solutions. The main requirements of an anode-protecting membrane in aqueous 
LABs include high ionic conductivity, high chemical stability in contact with 
catholyte solution and wide electrochemical window vs. lithium anode. 
NASICON-type Li1+xTi2-xAlx(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP) 
ceramics are the two most commonly used phosphate-based lithium solid 
electrolytes and so far the most successful solid electrolyte reported for aqueous 
Li-air batteries.8 Typically, the total conductivity of germanium based 
NASICON phosphates is higher than that of the titanium based ones, while the 
Ti-based NASICONs will have a cost advantage over LAGP.  
Despite all the efforts made on overcoming the problems of aqueous Li-
air batteries since they were first introduced, practical limitations exposed to 
these batteries are yet to be recognized for widespread use of their properties. 
One of the main bottlenecks of the performance of LABs is the protected anode 
based on stable solid electrolyte. In this work, LAGP-based anode-protecting 
membranes are designed and explored in aqueous and hybrid Li-air batteries.  
The following chapter includes the fundamentals of Li-air batteries and 
the current knowledge established on the topic, its strengths and gaps and at the 





1.2 Literature Review 
In this section, first, different chemistries of metal air batteries will be briefly 
introduced and their properties will be compared (section 1.2.1). The cell 
configurations of LABs will be discussed in section 1.2.2. Two main types of 
LABs will be compared in detail in section 1.3 and the advantages of aqueous 
LABs are highlighted. The concept of protected anode and overview of current 
solid electrolytes are presented in section 1.4.  
1.2.1 Rechargeable Metal-Air Batteries 
Managing power grids that have to integrate intermittent renewable power 
sources as well as sustainable full-range electromobility require large scale 
energy storage systems that combine unprecedented energy densities far beyond 
current Li+-ion technology, power performance allowing fast charging and high 
power discharge at affordable costs to make grid-scale energy storage 
commercially attractive. 
Zn-air and Al-air batteries have been studied for many years10 but 
advantages like high potential difference of the lithium anode to the air cathode 
and the low molecular weight of lithium element has driven researcher's interest 
into Li-air batteries. Lithium metal functioning as an anode is the most 
electropositive (-3.04 V against standard hydrogen electrode) and the lightest 
metal (equivalent weight of 6.94 gmol-1 and specific gravity of 0.53 gcm-3) 
available which provides high energy density. Zn-air batteries having the 
theoretical energy density of 1086 Wh.kg-1 are considered as a potential energy 
storage device mainly due to low equilibrium potential, long shelf life and flat 




air batteries is their inconvenient recharging. Energy density of Al-air batteries 
is higher than Zn-air batteries but aluminium is more prone to corrosion 
compared to zinc in alkaline solutions and faces similar challenges in 
cyclability.11 Table 1.1 summarizes the properties of metal-air batteries 
employing different metals as the anode. Global attention received by these 
batteries is mostly due to their extreme energy density of up to 3485 Wh.kg-1 
for non-aqueous systems or 2249 Wh.kg-1 for aqueous systems (see e.g.12, 13), 
which is significantly higher than for any other rechargeable battery systems. 
Coupled with the higher efficiency of electric propulsion systems, Li-air 
batteries offer driving ranges comparable to those of gasoline powered cars.14 
Table 1.1 Metal-air battery properties for different anodes compared to Today's Li ion 10, 11 














2⁄ 𝐶6𝐿𝑖 + 𝐿𝑖0.5𝐶𝑜𝑂2  
↔ 3𝐶 + 𝐿𝑖𝐶𝑜𝑂2 
137 3.8 387 
Ca-air 
𝐶𝑎 + 1 2⁄ 𝑂2 + 𝐻2𝑂 
↔ 𝐶𝑎(𝑂𝐻)2 
724 3.4 2470 
Mg-air 
𝑀𝑔 + 1 2⁄ 𝑂2 + 𝐻2𝑂 
↔ 𝑀𝑔(𝑂𝐻)2 
919 3.1 2849 
Al-air 
𝐴𝑙 + 3 4⁄ 𝑂2 + 𝐻2𝑂 
↔ 𝐴𝑙(𝑂𝐻)3 
1030 2.7 2783 
Zn-air 
𝑍𝑛 + 1 2⁄ 𝑂2
↔ 𝑍𝑛𝑂(𝑎𝑞) 
670 1.65 1086 
Fe-air 𝐹𝑒 + 3 2⁄ 𝑂2 ↔ 𝐹𝑒2𝑂3 910 1.3 1200 
Organic Li-air 2𝐿𝑖 + 𝑂2 ↔ 𝐿𝑖2𝑂2 1168 2.912 3485 
Aqueous Li-air 
(basic catholyte) 
4𝐿𝑖 + 𝑂2 + 6𝐻2𝑂
↔ 4𝐿𝑖𝑂𝐻. 𝐻2𝑂 
639 ‡3.446 2355 
Aqueous Li-air 
(acidic catholyte) 
4𝐿𝑖 + 𝑂2 + 4𝐻𝐶𝑙 
↔ 4𝐿𝑖𝐶𝑙 + 2𝐻2𝑂 
527 ‡4.274 2249 












1.2.2 Rechargeable Li-Air Batteries: Cell Configuration 
Lithium metal anode and air cathode are the main constituents of the Li-
air cell. Schematic configurations of different types of Li-air cell including non-
aqueous (organic), aqueous, hybrid and solid state electrolyte are shown in 
Figure 1.2.  
 
 
Figure 1.2 Schematic representation of (a) Non-aqueous (organic) Li-air cell; (b) Aqueous Li-
air cell; (c) Hybrid Li-air cell and (d) Solid state electrolyte Li-air cell. 
The reaction on the anode side is similar for all different types of Li-air 
batteries (𝐿𝑖 ↔ 𝐿𝑖+ + 𝑒−). During discharge, Li+ ions are dissolved from the 
anode, transported through the electrolyte and react at the cathode with O2 from 
the environment. For (organic) Li-air batteries the anode is electrochemically 
coupled to an unlimited source of cathode reactant. The cathode acts as an 
interface where O2 is dissolved in an electrolyte solution and further reduced on 





























































































































































anode side during charge and are reduced and plated back onto the lithium 
anode.  
The main difference between the types of LABs lies in the reaction at 
the positive electrode which is governed by the type of electrolyte the air 
cathode is in contact with. Different mechanisms governing the reaction in Li-
air batteries and their respective standard cell potentials are summarized in 
Table 1.2. For aqueous and hybrid Li-air batteries, the catholyte in the reaction 
chamber could be either acidic or basic.  
Table 1.2 Proposed reactions governing various types of Li-air batteries. 
Type of Li-air cell Reaction 
Organic Li-air cell 
2𝐿𝑖 + 𝑂2 ↔ 𝐿𝑖2𝑂2 
Reversible cell voltage of 2.96 V 
Solid state Li-air cell 
2𝐿𝑖 + 𝑂2 ↔ 𝐿𝑖2𝑂2 
Reversible cell voltage of 3.1 V15 
Aqueous/hybrid Li-air batteries 
with basic electrolyte 
4𝐿𝑖 + 𝑂2 + 6𝐻2𝑂 ↔ 4𝐿𝑖𝑂𝐻. 𝐻2𝑂 
Reversible cell voltage of 3.4 V 
Aqueous/hybrid Li-air batteries 
with acidic electrolyte 
4𝐿𝑖 + 𝑂2 + 4𝐻𝑋 ↔ 4𝐿𝑖𝑋 + 2𝐻2𝑂 
pH-dependent cell voltage (4.27 - 0.059 × pH) V 
 
In organic Li-air batteries, a Li+ conducting organic electrolyte is used 
to separate the lithium anode and the air-cathode. The rechargeability of the 
organic LAB is highly dependent on the formation and decomposition of 
Li2O2.
16 Therefore, it is important to identify the processes occurring during 
charge and discharge.7 In all-solid-state Li-air cells, organic electrolyte is 
replaced with an inorganic solid electrolyte to address the safety issue.15, 17, 18 




area for oxygen reduction and evolution for the solid when compared to liquid. 
In hybrid and aqueous Li-air cells, catholytes with high solubility for discharge 
products are employed and the contact with lithium anode is avoided using Li+ 
conducting ceramic membrane. The ideal catholyte should possess: (1) low 
molecular mass, high voltage and high solubility (2) high Li+ ion mobility to 
support the power performance (3) chemical compatibility with all components 
of the battery (incl. air) (4) minimal long-term corrosion of membrane, seals, 
and other cell components (5) low vapour pressure (6) low viscosity to minimize 
energy costs of pumping and concentration gradients (7) optimal wetting of 
ceramic membrane and air cathode. While the battery chemistry of both aqueous 
and hybrid Li-air cell is similar, in hybrid Li-air cell, a liquid organic electrolyte 
is used between the lithium anode and the solid electrolyte. In section (1.3) a 
detailed comparison between the two main types of Li-air batteries being non-
aqueous and aqueous will be presented. 
Both oxygen reduction reaction (ORR) and oxygen evolution reactions 
(OER) occur at the air cathode.19 The most common air cathodes are composed 
of carbon and catalyst.20 The microstructure design of an air cathode must 
combine high electronic conductivity, a (graded) mesoporosity optimized for 
fast oxygen diffusion and the right balance of hydrophilicity and 
hydrophobicity.21 Proper wetting of the surface is critical to achieve maximum 
area for the reactions. If the air cathode is flooded (as shown in Figure 1.3) by 
the catholyte, the oxygen gas diffusion will be slow, hence limiting the 
electrochemical performance of the cell. One solution to the flooding proposed 
in the literature is to cover the air cathode with a hydrophobic membrane22 or to 





Figure 1.3 Electrolyte filling in (left) flooded cathode, (middle) dry cathode, and (right) 
wetted cathode23 (Reprinted with permission from Journal of Power Sources, 2011, 196, 4436. 
Copyright © 2011, Elsevier B.V.) 
 
It has been reported that both ORR and OER reactions can occur in the 
absence of catalyst, however the use of catalyst can greatly facilitate the OER 
by reducing the redox overpotential, increasing the practical discharge capacity 
and decreasing the capacity fading.11 Apart from Pt which is the most commonly 
used catalyst,24 transition metal oxides including Co3O4, Fe2O3, CuO, CoFe2O4 
, various manganese oxides25 and redox mediators such as tetrathiafulvalene 
(TTF+/TTF)26 and triiodide/iodide27 have been investigated as catalysts.28-30 
According to the Bruce group,31 α-MnO2 nanowires deliver high capacity with 
stable cycling. The concept of separating out catalysts to carry out OER and 
ORR in the cell (e.g. PtAu nanoparticles where Pt is for ORR and Au is for 
OER)32, 33 has also been reported in the literature.34-37 This approach enhances 
the flexibility in the catalyst optimisation (e.g. ORR catalysts will not be 
subjected to degradation by reactive intermediates of the O2 evolution and the 
catalysts need not be to be stable in the same voltage range). In an aqueous Li-
air cell, though aqueous catholytes reduce the challenges as the discharge 
products remain soluble, ORR and OER have to be accelerated by effective 
nanostructured catalysts.  
Although the basic mechanisms of ORR and OER evolution in aqueous 




lithium salts have received little attention so far and require further study to 
become applicable for aqueous Li–air cells.33 In addition to that, degradation of 
the air cathode in air and also in acidic and alkaline media is a limiting factor of 
the electrochemical performance of the cell and needs to be explored. In one 
study by Li et al.38 the mesoporous nanocatalysts are utilized as air cathodes in 
hybrid Li-air cell; where OER is catalysed using mesoporous NiCo2O4 
nanoflakes that are directly grown on nickel foam and nitrogen-doped 
mesoporous carbon loaded onto a hydrophobic carbon fiber paper is facilitating 
the ORR reaction. As reported, the high stability of these nanocatalysts 
(reported to be higher than Pt/C+IrO2) greatly enhanced the cyclability of the 
hybrid LAB. Similarly, in a recently published paper, Zhang et al.29 reported the 
synthesis of N-doped graphene coupled with part of Co nanoparticles with high 
ORR activity comparable to that of Pt/C in alkaline solutions.  
1.3 Non-aqueous and Aqueous/Hybrid Li-air Batteries 
Li-air batteries were originally proposed at Lockheed by Bauman et al. 
in the late 1970s39-42 but later were abandoned for years due to their 
unsatisfactory efficiency and unsolved safety implications. The attention was 
drawn back to this concept by Abraham and Jiang in 1996.43 They presented a 
design based on a polymer electrolyte for non-aqueous Li-air batteries which 
showed a specific energy between 250 to 350 Whkg-1 (including weight of 
electrode and the electrolyte) and open circuit voltage close to 3 V. Following 
their footsteps, other researchers studied batteries having liquid aprotic organic 
solvents as electrolyte solution. The research group of Bruce44 designed a Li-air 




Li2O2 reduction. In another study, Kuboki et al.
45 utilized hydrophobic ionic 
liquid electrolyte and high capacity of 5360 mAhg-1 of carbon materials was 
reported. Moreover, Read et al.46 determined the effect of oxygen transport 
properties of electrolyte on battery performance and showed that discharge 
capacity of the Li-air battery increases either by increasing the oxygen 
concentration or decreasing electrolyte viscosity.  
Until recently, research activity focused on non-aqueous Li-air batteries 
that promise the highest energy densities (due to the low specific weight of 
Li2O2) and the lower chemical reactivity of organic electrolytes with Li, but at 
the same time organic Li-air batteries face challenges by high polarization 
during the charge and discharge process44, 47 with gradual decomposition of the 
organic (polycarbonate) electrolytes6, 7 and contamination with moisture in the 
air.5 Freunberger et al.7 studied the reactions occurring in organic LABs with 
carbonate electrolytes during cycling. They reported that the irreversible 
formation of Li2CO3, HCO2Li, CH3CO2Li, and C3H6(OCO2Li)2 due to the 
decomposition of the electrolyte is the main cause of the capacity fading and 
short lifetime. Due to the low solubility of Li2O2 in apolar organic electrolytes, 
the reaction product Li2O2 is deposited on the air cathode pores thus reducing 
catalyst efficiency, and causing high overpotentials and low cycle efficiencies. 
In a recently published Science paper, Liu et al.48 reported a rechargeable 
organic Li-air cell with different working principle compared to standard 
organic cells with energy efficiency of 93.2%. The cell consisted of a reduced 
graphene oxide electrode, the additive LiI, and the solvent dimethoxyethane. 
The cell was reported to cycle with formation and removal of LiOH, via the 




Numerous studies have been dedicated to address the current issues of 
non-aqueous LABs by reducing the electrode polarization on the air cathode 
side for organic Li-air cells.32, 49-51 It has been reported that higher specific area52 
and larger pore size53 (optimized) of the air cathode will result in higher specific 
capacity. The thickness of the air cathode is also another controlling factor. 
Slow oxygen diffusion along thicker samples, will negatively affect the 
electrochemical performance of the cell.54 One approach to address the high 
polarization in these batteries reported in literature is by incorporating redox 
mediators in the solution to help decompose the discharge products.55, 56 A redox 
mediator is a soluble catalyst molecule that can be reduced at the surface of the 
electrode oxidizing the Li2O2 particles.  
With the progress in the development of lithium-ion conducting solids 
(section 1.4), aqueous Li-air batteries have been reconsidered by Visco et al.57 
and Imanishi et al.5, 58 As mentioned earlier, in these systems, in addition to Li 
anode and air cathode, catholytes with high solubility for the discharge product 
(LiOH, HCl, Acetic acid, etc.) enhance the cycle efficiency, power performance 
and volumetric energy density (c.f. Figure 1.4 (a)). Li-air batteries with aqueous 
catholytes promise somewhat lower theoretical energy density compared to the 
organic type, but have a higher potential to reach theoretical limits in practical 
devices. Figure 1.4 (b) compares the charge and discharge overpotentials for 
organic and aqueous LABs. Note that for the aqueous Li-air system the 
reversible cell voltage is higher and the overpotentials on (dis)charging are 
significantly smaller. The specific area capacity of > 100 mAh cm-2 reported for 
aqueous Li-air batteries is also much higher than the organic counterpart (in the 




between 3.4 to 4.2 V while for non-aqueous Li-air batteries the values are 





Figure 1.4 (a) comparison of energy and power densities for aqueous LABs with Li-ion 
batteries, organic LABs and miscellaneous other batteries (blue) (b) Comparison of voltage 
variation during the cycling of an aqueous LAB and two organic LABs with and without 
bifunctional catalyst (PtAu/C) for comparable power densities. (discharge and charge profiles 
for the organic Li-air batteries are extracted from Lu et al. 32 under current of 0.04 mA/cm2) 
 
Aqueous and hybrid Li-air batteries cycle with reversible redox reaction 
of Li/Li+ at the anode and reduction and evolution of oxygen at the cathode. The 





For a cell with basic catholyte, LiOH·H2O is formed during discharge. 
Additional precautions need to be taken to avoid saturation of the catholyte with 
LiOH·H2O which further impedes the path for Li
+ ions and O2.  LiOH is also 
reported to be corrosive to the LATP membrane.3 In an aqueous Li-air cell, 
discharge products are soluble in the catholyte, hence studying the mechanism 
via analysing the products is not easy. There has been few studies involving 
acidic catholytes, where the changes in the pH of the catholyte solution is 
monitored to study the discharge mechanism.60 For the case of 0.1 M H3PO4+ 1 
M Li2SO4, Li et al.
61 studied the changes in the pH of the catholyte while being 
discharged for 5 hours. Accordingly, during discharge the pH of the catholyte 
keeps increasing while 3 protons of phosphoric acid are being consumed 
(Figure 1.5). The changes in the voltage plateau correspond well with the pH 
curve. As the catholye becomes less acidic, the attack to the LATP membrane 
is also minimized.  
 
Figure 1.5 Three stage reduction reaction during discharge along with the associated pH 
curve61 (Reprinted with permission from Phys. Chem. Chem. Phys., 2012, 14, 12737. 





In the case of using aqueous electrolyte, the Li anode has to be safely 
protected from direct contact with such reactive catholytes by an anode 
protecting membrane. Both fast ion conducting ceramics and polymer 
electrolytes have been explored as anode protecting membranes in LABs which 
will be discussed in detail in the next section. 
1.4 Anode-protecting Li+ Ion Conducting Solid Electrolyte 
Membrane 
In this section, recent advances in the field of aqueous and hybrid Li-air 
batteries using fast Li+ ion conducting ceramics are discussed. As mentioned 
earlier, new generations of lithium-based batteries62, 63 and among them aqueous 
and hybrid Li-air batteries aim to offer not only energy densities which are 
significantly higher than those of conventional rechargeable battery systems, 
but to combine the outstanding energy density with an attractive power 
performance. The power performance and cycle life of an aqueous Li-air battery 
is essentially determined by the fast lithium-ion conducting solid that is 
employed to protect the lithium anode from reacting chemically with the 
catholyte solution.2, 8 The minimum requirements of an anode-protecting 
membrane in aqueous LABs include:  
 high ionic conductivity,  
 high chemical stability in contact with catholyte solution,  
 sufficient mechanical stability to prevent the penetration by lithium 
dendrites,  
 and a wide electrochemical window ensuring electrochemical stability 





The first solid electrolytes at elevated temperatures were reported by 
Faraday in the 1830s and gained first commercial application with the Nernst 
lamp patented in 1897.64 Interest in the field of solid state ionics has grown 
intensively following the discovery of room temperature solid electrolytes in 
20th century and the recognition of its wider applicability in different 
technologies.65, 66 In some inorganic crystalline materials, atomic disorder in 
real crystals in the form of vacancies or interstitial ions provides pathways for 
the mobile ions to wander where the rigid ions form the crystalline skeleton. 
Fast lithium ion conductors based on crystalline solid sulfides, oxides and 
phosphates are included in this category.67-71 These compounds have been used 
as lithium ion conductors either in crystalline, amorphous or partially crystalline 
form (c.f. Figure 1.6). Despite the tremendous effort spared on identifying the 
most desirable solid electrolyte for aqueous Li-air batteries in recent years, the 
ultimate fast ion-conducting solid electrolyte fulfilling all the main 
requirements of the cell has yet to be explored.2, 8, 72, 73  
 














































As can be seen in Figure 1.6, a wide range of fast-ion conducting oxide70, 
74, 75 and sulfide68, 69, 76, 77 solid electrolytes and their applications78, 79 have been 
explored over the past decades.80 Moreover, the suitability of these solids as 
anode-protecting membranes has been the subject of detailed discussion.5 A 
main drawback of most of the fast-ion conducting solids (especially the 
sulphide-based materials) is the limited chemical stability in contact with 
water.81-83  
Garnet-type oxides (Li5La3M2O12 ; M = Nb, Ta), explored by Weppner 
et al.,75 with high room temperature ionic conductivity (≈1.0×10-3 Scm-1 for 
Li6.4La3Zr1.4Ta0.6O12
84) and wide electrochemical window vs. lithium anode is 
one of the available options. Still a major challenge for the application of the 
garnet-related oxides in Li-air batteries is the proton exchange in water,85 which 
reduces their Li+ ion conductivity and structural stability in aqueous catholyte 
solutions.86 Ishiguro et al. reported short circuit in the cell due to dendrite 
formation for Ta-doped87, Nb-doped LLZ88 and Al2O3-doped
89 LLZ after short 
period of polarization at current density of 0.5 mA cm-2.  
Another oxide type solid electrolyte that has been investigated in recent 
years with bulk ionic conductivity as high as liquid electrolyte is the perovskite-
type oxide of lithium lanthanum titanates (Li3xLa(2/3)-x(1/3)-x-2xTiO3; 0<x<0.16).
90, 
91 However, these oxides suffer from low grain boundary conductivity and 
instability in contact with lithium anode. All these issues limit their application 
as anode-protecting membrane.92 Another category being lithium super ionic 
conductors known as LISICON (Li2+2xZn1-xGe4O16) have high ionic 
conductivity only at elevated temperature, which hinders their application at 




exchange in both weak and strong acids. Therefore, at the current stage these 
oxides are not suitable for Li-air batteries operating with aqueous catholyte.94 
Among various classes of solid electrolytes, NASICON-type fast Li-ion 
conducting ceramics (Li1+xAlxGe2-x(PO4)3 ‘LAGP’ and Li1+xTi2-xAlx(PO4)3 
‘LATP’) 95-101 have found most wide spread use for application as anode-
protecting membranes,102-104 and incidentally are also explored as solid 
electrolytes in conventional all-solid-state lithium secondary-batteries.105-107 
The name of this structure type is derived from the previously investigated 
isostructural “Na+  superionic conductor phases” Na1+x+yM2-yYy(P3-xXx)O12 
(where M is a tetravalent cation and Y,X are aliovalent dopant ions).108This 
group of oxides which are the focus of our study will be further discussed in the 
next section.  
1.4.1 LAGP-based Anode-protecting Membrane for Aqueous/hybrid 
LABs 
NASICON-type LiM2(PO4)3 (M = Ge, Ti, Sn, Zr and Hf)
109, 110 has an 
open three-dimensional framework of alternating corner sharing PO4 tetrahedra 
and MO6 octahedra (c.f. Figure 1.7). This framework leaves two distinct types 
of sites for the lithium: The 6bLi(1) site is located at the inversion centres 
between two MO6 units and is surrounded by 6 oxygen atoms in trigonal 
antiprismatic coordination, and the 36f Li(2) site pairs (surrounding a 18e site) 
with an irregular 6+6-fold oxygen coordination disposed around the 3  3̅axis. 
For the rhombohedral (space group R-3c) undoped LiGe2PO4, Li(1) sites are 
reported to be fully occupied leaving Li(2) sites empty.111 For the isostructural 
Al-doped Li1+xAlxGe2-x(PO4)3 (LAGP), the mobility of charge carriers increases 




Al3+ ions to substitute the tetravalent Germanium to achieve maximum ionic 
conductivity and minimum activation energy is found to be where x = 0.5. In a 
recently published paper, Francisco et al.112 investigated both entropic and 
enthalpic contributions on the ionic conductivity of LAGP ceramic prepared 
using sol-gel method (0<x<0.6) in details. They report the highest conductivity 
value for x=0.5, in line with Fu et al. results.  
 
Figure 1.7 Schematic representation of LiGe2(PO4)3 structure (GeO6, green; PO4, blue, Li(1): 
red spheres, Li(2): red crosses).  
In 1991, Alami et al.111 studied the temperature dependence of the 
undoped LiGe2(PO4)3 structure in the temperature range of 300-1000 K using 
neutron powder diffraction and presented a model for the anisotropic thermal 
expansion and its relation with the Li site distribution. One of the most 
established methods to synthesize NASICON-type solid electrolytes is by a 
solid-state reaction: A glass of the desired stoichiometry is produced by melt 
quenching and subsequent heat treatment is carried out to ensure 
crystallization.99, 100 Schröder et al.113 looked into the crystallization of 
Li1+xAlxGe2-x(PO4)3 glasses for different values of x by solid state nuclear 
magnetic resonance (NMR). Accordingly, the incorporation of Al into the 
structure causes an expansion of the MO6 coordination polyhedron and, for 




Recently, Abri et al.114 proposed based on NMR, room temperature X-ray 
diffraction (XRD) and impedance spectroscopy that the increase of Li+-ion 
conductivity with Al content in Al-doped samples is caused by the increase in 
the lithium content resulting in a reduced energetic preference for Li(1) site 
occupancy. The authors also highlighted that the amount of Al that is actually 
incorporated into the LGP structure and hence contributes to the enhanced ionic 
conductivity will often deviate substantially from the nominal Al content 
yielding a wide scatter of literature performance data. Therefore, there appears 
to be an intimate relationship between conductivity (performance), lithium site 
occupation, Al incorporation and synthesized composition, microstructure and 
quite possibly impurities. De-convoluting these facets and identifying the 
relationships between them will allow us to make better materials. 
As mentioned in the earlier sections, NASICON-type LATP100, 115, 116 
and LAGP63, 99, 117-119 ceramics are the most commonly used phosphate-based 
lithium solid electrolytes.8, 120 LATP has been proven to be stable in contact 
with aqueous Li+ ion saturated solutions including LiCl121, LiCl aqueous 
solution with saturated LiOH, and in LiAc saturated HAc aqueous solutions.122 
Since LATP is not stable in contact with lithium anode, a buffer layer needs to 
be employed to avoid direct contact. The concept of using NASICON-type 
lithium conducting LATP ceramic as an anode protecting electrolyte for Li-air 
batteries was first proposed by Visco et al.8, 120 Since NASICON-type LATP is 
unstable in contact with Li metal due to the reduction of Ti4+ by lithium, lithium 
nitride was used to protect Li anode from LATP. Since then the performance of 
LAB with a multilayer anode electrode has been investigated extensively.102, 121, 




NASICON-type ceramic including lithium nitride123, lithium phosphorous 
oxynitride (LiPON)124, 125 and polymer electrolytes58, 126. Each of these 
candidates have their own shortcomings; vapour deposition used in preparing 
lithium nitride and LiPON is costly and the size of the membrane is limited. 
Imanishi et al. designed a working aqueous LAB cell composed of 
PEO18LiTFSI-2TEGDME and LATP ceramic as anode-protecting membrane 
with saturated LiCl aqueous solution and achieved cyclability of up to 100 
cycles at 60 °C under current density of 2.0 mAcm−2.127 An energy density of 
779 Whkg-1 is reported for the aqueous Li-air cell with the arrangement of 
Li/PEO18LiTFSI-10wt% BaTiO3/LATP/HAc-H2O-LiAc/carbon at 60 °C under 
current density of 0.5 mAcm-2.104In a similar attempt by Stevens et al., 
LiPON:Lisicon membrane was employed as a protective layer for the anode and 
more than 100 cycles at 0.1 mAcm-2 was obtained.59 They also managed to 
improve the lifetime of the air cathode by integrating an anionic polymer 
electrolyte. To resolve the stability issue of NASICON ceramics in alkaline 
solutions, He and co-workers128 integrated the fuel cell concept into their hybrid 
Li-air design and divided the catholyte chamber into two units separated by 
cation exchange membrane (blocking OH- ions). The pH of the unit in contact 
with the catholyte is maintained constant during the discharge cycle and LiOH 
is continuously pumped out of the cell to deliver higher energy, but the concept 
is essentially a primary battery with external recycling of the produced LiOH to 
Li. Chen et al.129 designed a hybrid Li-air flow battery where during discharge 
oxygen is pumped to the reaction chamber along with the aqueous catholyte 
with the aim to overcome the oxygen diffusion barrier from the atmosphere. 




current density of 4 mAcm-2. However, the cells show large overpotential which 
is claimed to be due to the high resistance of the LIC-GC (purchased from Ohara 
Inc.). Manthiram group has identified the internal resistance of the cell and the 
catalyst activity as the two major barriers for improving the performance of 
hybrid LABs.130 Hence, their research has been focused on identifying the most 
effective bifunctional air cathodes for LABs. They have reported stable cycling 
and voltaic efficiency of 76.4 % for the cell working with the decoupled air 
cathode (Pt/C and mesoporous NiCo2O4).
35, 38 While LATP is a potential 
candidate as anode-protecting membrane in LABs,131 the interfacial resistances 
caused by the need for a multilayer membrane design and the instability in 
strong acids and bases132 limit the performance of LAB cells based on LATP.  
In one of the attempts involving LAGP ceramic, Zhang et al assembled 
an aqueous Li-air cell with LAGP-5 wt% TiO2 film in saturated LiCl aqueous 
solution at 60 ºC. The cell showed overpotential in the range of 0.8-0.9 V.133 
Even though NASICON-type ceramics are the most successful solid electrolyte 
reported for aqueous LABs so far, NASICON-type LAGP ceramic has so far 
been mainly investigated in all-solid-state Li-air batteries. In one of the earlier 
works presented on this field, Kumar et al.134 assembled an all-solid-state 
lithium-air cell with fast-ion conducting LAGP and polymer membrane as well 
as an air cathode composed of carbon and LAGP. The authors investigated the 
effect of temperature and current on the electrochemical performance of the cell. 
Although they report promising cyclability and thermal stability in the 
temperature range of 30-105 °C, further improvement in the room temperature 
electrochemical performance of the cell is required to reach a higher energy 




Li/LAGP solid electrolyte/LAGP@MWCNT/air with first discharge capacity 
of 1700 mAhg-1 (CNT) at constant current of 500 mAg-1 (CNT). They assumed 
that long exposure to high voltages causes the poor cyclability of the cell. 
Cycling performance was hence improved by limiting the capacity to 500 
mAhg-1 (CNT). Following their footsteps, Liu et al.103 recently employed 
SWCNT in the composite air cathode (SWCNTs/LAGP) and the cell showed 
higher first discharge capacity of 2800 mAcm-2 with good cyclability for the 
cell.  
1.4.1.1 Hybrid Inorganic-organic Membranes as Anode-protecting Membrane 
One of the challenges facing the applicability of NASICON-type 
phosphates is to prepare them in the appropriate dimensions for large-scale 
energy storage systems. Their brittleness also gives rise to a risk of cracking 
which in such systems constitutes a major safety hazard. On the other hand 
organic polymers are easy and cheap to prepare in large dimensions and in the 
desired degree of flexibility to improve the interfacial contact between the 
electrode and the electrolyte and to favour the volume change during cycling. 
Their low density would be beneficial for the gravimetric energy density of the 
energy storage system, but so far none of them is found to have a suitable 
combination of high mechanical as well as electrochemical stability with fast 
Li+ conductivity.  
Armand et al.135 pioneered the research on polymer-based ion 
conducting materials in lithium batteries by studying the use of solid 
electrolytes consisting of PEO and weakly coordinating Li salts. In these cells, 
the solid polymer electrolyte act both as mechanical separator and as ionic 




polyether type polymers, poly(ethylene oxide) (PEO) in particular. In the PEO 
structure unit, ether oxygen atoms provide the free electron pairs capable of 
coordinating lithium ions and hence enable the dissolution of lithium salt in the 
polymer matrix. The room temperature conductivity of PEO is limited by its 
high degree of crystallinity below 66 °C (disappearance of crystalline PEO). 
Ionic mobility for Li+ in most polymer electrolytes is dependent on local 
relaxation and segmental motions of the polymer matrix which is possible in 
amorphous phase. Therefore the crystallinity of PEO must be reduced to 
improve the room temperature conductivities. Replacing PEO by other 
polymers which remain amorphous below 60 °C such as atactic poly(propylene 
oxide) (PPO), using random copolymers and crossed-linked polymers, 
plasticization or gellation of polymer matrix and application of plasticizing 
salts136 or ceramic fillers  have been explored to fulfil this goal.137 Using crown 
ethers as plasticizers, Nagasubramaniam and Stefano e.g. achieved a 
conductivity of the order of 7 × 10-4 Scm-1 for the PEO-LiBF4 system. In 
addition to that, the instability of PEO in the polymer electrolyte in contact with 
the catholyte in Li-air batteries is one of the drawbacks of these types of solid 
electrolytes which needs to be addressed.  
One straightforward and effective move is to combine ceramic and 
polymer electrolyte to prepare a hybrid inorganic-organic membranes 
(composite membranes) consisting of matrix and filler where the overall 
properties of the system depend on the properties of both filler and matrix in 
addition to the interaction between the two.138 In these lithium conducting 
systems (1) the ceramic phase may either act as a fast ion conductor and the Li 




composite or (b) an (insulating) ceramic filler mechanically strengthens the 
polymer electrolyte and enhances its conductivity by concentrating the dopant 
salts in a space charge zone at the organic-inorganic interface. Electrochemical 
applications for composite electrolyte aim for enhancing high ionic conductivity 
and/or mechanical properties compared to the individual components. The 
polymer-salt complex is the matrix composed of polymer blends, low molecular 
weight plasticizers and supermolecular additives having various functions 
where ceramic filler, most often oxides, are dispersed in the form of fine 
powder.  
Among different approaches reported, the most convenient one is to 
blend the polymer/salt matrix with ceramic filler. Wetson and Steel139  
published the first report on polymer ceramic type electrolyte materials in 1982. 
Enhancement in mechanical stability of PEO-LiClO4 was observed by adding 
α-Al2O3. In the case of PEO based polymer electrolyte and for temperatures 
below the melting point of PEO, the effect of blending with highly dispersed 
ceramic phase on increasing the conductivity is clear. Choi et al.140 reported on 
the effect of filler type on conductivity through studying the changes in melting 
temperature, glass transition temperature and heat of melting. For most cases an 
increase in conductivity was observed after addition. In the case of totally 
amorphous PEO (at 100 °C), the conductivity remains almost unchanged after 
the addition of a ceramic filler. Some papers report an increase in the Li+ 
transference number as a result of ceramic filler addition. 141 The stability of the 
interface between polymer electrolyte and lithium (often denoted as 
compatibility of an electrolyte with lithium electrode) will also be enhanced due 




electrolyte material against the contact with highly reductive surface of lithium 
metal.142 Another enhancement resulting from the addition of ceramic filler is 
the electrochemical anodic stability defined as a resistance of the electrolyte 
against electrochemical oxidation reaction (electrochemical stability 
window).143 The positive effect of ceramic filler is not limited to 
electrochemical properties but also concerns the mechanical properties. Tensile 
strength and elastic modulus of the membrane have been reported to be 
positively influenced.144 The conductivity enhancement is mostly ascribed to 
amorphization of polymer host induced by the existence of ceramic phase, but 
a redistribution of the dopant salts and the formation of a highly conductive 
interface layer is also to be taken into account.  
An enormous number of papers has been published discussing the effect 
of different ceramic fillers including oxides (SiO2, Al2O3, ZrO2, SnO2, MgO), 
carbides (SiC, WC), nitrides, glasses and ferroelectric materials (BaTiO3, 
PbTiO3, LiNbO3). An important sub group of fillers, which have been less 
investigated133, 145 are ionically conducting ceramics including the NASICON-
type ceramics (such as LATP and LAGP) studied in this work. Apart from the 
improvements in electrochemical properties and scalability of the composite 
membrane mentioned above, another major criterion which needs to be met by 
the hybrid inorganic-organic membrane as anode-protecting membrane is high 
chemical stability in contact with the basic and acidic aqueous catholyte (and 
anolyte) solutions employed in aqueous and hybrid Li-air batteries. Hence 
identifying a solid electrolyte:polymer electrolyte couple, which gives us high 




solution and lithium anode remains a challenge, the more if the search is focused 
on systems with a high potential for scalable processing.  
Concluding from the literature review presented in the previous sections, 
the gaps of the current studies on anode-protecting membranes for 
aqueous/hybrid Li-air batteries will be highlighted and our approach to address 
these issues will be presented.  
1.5 Gaps and Objectives 
  
The gaps of the current study can be summarized as follows: 
 Conventional LIBs with the current energy densities cannot meet the 
demand of the energy storage in the future. Combining the battery and fuel 
cell approach, LABs with high energy density and infinite air cathode are a 
promising alternative for LIBs. 
 Organic Li-air batteries which offer the highest energy density amongst the 
new generation of batteries suffer from poor cyclability and power 
performance. On the other hand, hybrid and aqueous Li-air batteries 
employing catholytes with high solubility for discharge products, should 
have a high potential for enhanced cycle efficiency, power density and 
higher practical energy density, but this potential still needs to be realised.  
 Constructing a stable aqueous LAB with high performance is essentially 
dependent on a fast ion lithium conducting membrane, which protects the 
lithium anode from reacting chemically with the catholyte solution 
improving the lifetime of the battery. Although tremendous attention has 




air batteries in recent years, the ultimate fast ion-conducting solid electrolyte 
fulfilling all the main requirements of the cell has yet to be found, one that 
combines high ionic conductivity with chemically stability in contact with 
both lithium anode and catholyte solution. 
 So far, NASICON-type ceramics are believed to be the most successful 
anode-protecting membranes amongst all the other types of solid 
electrolytes for the new generation of lithium batteries. However, 
NASICON-type LAGP ceramic is not fully explored in LABs since most of 
the works are focused on LATP ceramics. Furthermore, LAGP ceramics 
have received increasing attention as a solid electrolyte in the lithium 
batteries in recent years. Yet, developing deeper understanding of the 
formation mechanism would enable more effective and rational design of 
the annealing conditions. 
 Currently available ceramic ionic conductors are hardly scalable, difficult 
to seal, brittle and chemically unstable against the commonly used 
catholytes (and hence bound to fail catastrophically under real operating 
conditions).  
 In terms of cycling performance of the cell, there are still tremendous 
challenges to overcome beyond the anode-protecting membrane, mainly 
arising from the design of the cell. In addition to that, for the practical 
applications, deeper understanding of the mechanism of the cell at room 
temperature is necessary.  
The main aim of the study is to develop rechargeable aqueous and hybrid Li-air 
batteries with energy densities far beyond those of lithium ion batteries using 




The specific objectives of the study are as follows: 
 To study the formation of LAGP ceramics from a glassy precursor of 
the same overall chemical composition by in situ synchrotron XRD. 
These studies will help to rationalize the synthesis process, enhance its 
reproducibility and energy efficiency and yield guidelines on how to 
improve the phase purity and reduce dopant inhomogeneities, as well as 
provide details on the deviations between nominal and actual Al dopant 
concentrations. 
 To design and realize hybrid organic-inorganic membranes that are 
easily scalable using NASICON-type LAGP and polymer. Improving 
mechanical properties of the membrane has direct impact on the 
performance of the cell. In this new design, both ceramic and polymer 
are employed to synergize the robustness of the ceramic along with 
flexibility of the polymer to achieve improved mechanical properties. 
 To fabricate a working Li-air cell consisting of both LAGP ceramic and 
composite membrane and aqueous catholyte. Since LAGP ceramic is 
kinetically stable in contact with lithium over practical battery cycling 
periods,15 the need for a multilayer design in the cell is eliminated. This 
enables us to minimize the complications from the interfacial resistance 
and improving the performance and lifetime of the cell.  
 To design a cell with improved sealing and contact to achieve higher 
energy efficiencies. Since performance of an aqueous LAB is greatly 
dependent on the cell design. Additionally, continuous flow of the 
catholyte solution in the cell helps to optimize the catholyte resistance 




This research is significant in incorporating novel design using aqueous 
solutions and innovative protected anodes based on fast ion conducting 
NASICON-type ceramics which allows us to achieve maximized power 
performance, cycle efficiency, scalability and safety.  
This study focuses on design and fabrication of NASICON-type solid 
electrolytes and their application as anode-protecting membranes in aqueous Li-
air batteries. Suitability of other types of solid electrolytes is not covered in this 
work. In this work, a suitable solid electrolyte:catholye couple is identified so 
that the membrane remains both stable and fast ion conducting. The energy 
density of the cell can be increased by using strong acidic catholytes but at the 
same time the attack to the membrane will be more severe. Use of additives in 
strong acids to minimize this attack, though important in improving the 
performance of the cell, is not within the scope of the present study.  





 EXPERIMANTAL DETAILS 
In this chapter, preparation of NASICON-type LAGP glass and ceramic will be 
discussed in detail (section 2.1). Subsequently, design and fabrication of hybrid 
inorganic-organic membranes composed of LAGP solid electrolytes and 
polymers will be explained (sections 2.2 and 2.3). The characterization methods 
employed throughout the project for data collection and analysis will be 
introduced (section 2.4). The battery assembly was conducted in glove box 
under argon atmosphere to avoid oxidation of lithium metal anode. 
2.1 Synthesis of Li1+xAlxGe2-x(PO4)3 (LAGP) Glass 
The preparation procedure for LAGP glass is summarized in Figure 2.1. 
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass was synthesized using the melt quenching 
method99, 100 being the oldest method established to produce amorphous 
materials. Stoichiometric amounts of Lithium Carbonate (Li2CO3), Aluminium 
Oxide (Al2O3), Germanium Oxide (GeO2), and Ammonium Phosphate 
(NH4H2PO4) powders were weighted and moved into mechanical ball-milled 
(Fritsch Pulverisette 7) equipped with zirconia cups and balls (one 12 mm ball 
for each gram of precursor). The mixture was continuously ball-milled for 5 
hours with rotating speed of 350 rpm. To minimize the Li loss during 
preparation, extra 10 wt% in the form of Li2CO3 has been used during the 
synthesis process.  
The primary purpose of ball milling is to reduce the particle size of the precursor 
powders so as to allow them to mix more evenly during the melting process. 
The ball milled precursor mixture was then transferred into platinum (Pt) 




at this temperature for 2 hours to remove all volatile components. Subsequently 
the temperature was increased to 1450 ºC (heating rate of 5 °C/min) and kept 
for one hour to produce the melt. The melt was then quenched on a 
copper/stainless steel plate yielding a transparent glass. Subsequent heat 
treatment on the glass of the desired stoichiometry is carried out to ensure 
crystallization. The initial annealing range was kept between 650 ºC to 900 ºC 
which was further optimized to achieve the most desirable properties of the 
ceramic. 
 
Figure 2.1 Flow chart for preparation of NASICON-type LAGP glass using melt quenching 
method. 
2.2 Preparation of First Generation of Hybrid Inorganic-
organic Membranes 
 
The first generation of hybrid inorganic-organic (composite) membranes 
explored in this thesis consist of NASICON-type Li1.5Al0.5Ge1.5(PO4)3 (LAGP) 
as the fast ion conducting ceramic and polyvinylidene fluoride (PVDF) : 
polyethylene oxide (PEO): LiBF4 as polymer electrolyte. The amount of 
polymer electrolyte was kept between 20 wt% to 40 wt% in the recipe. PVDF, 
a highly non-reactive and pure thermoplastic fluoropolymer with a glass 
transition temperature (Tg) of about -35 °C and 50-60 % crystallinity, high 




Weighing precursors of Li2CO3, Al2O3, GeO2, 
NH4H2PO4 powders
Ball milling of the mixture for 5 hours using 
Zirconia cups and balls
Heating to 1450  C to produce the melt
Heating the mixture at 700  C for 2 hours 
in Pt crucible





the polymer host. A dipolar aprotic acid, N-methyl-2-pyrrolidinone (NMP), was 
chosen as a solvent due to its ability to dissolve PVDF. The polymer electrolyte 
was prepared using solvent casting method. The first step involved stirring 1 g 
of a mixture of polyvinylidene fluoride (PVDF), polyethylene oxide (PEO) and 
LiBF4 in 5 ml of N-methyl-2-pyrrolidinone (NMP) for 6 hours at 100ºC as a 
solvent. The dried powdered crystalline LAGP was subsequently introduced 
into the polymer mixture while stirring and the slurry was stirred for another 6 
hours. The optimized composition contained 70 wt% polycrystalline LAGP, 18 
wt% PVDF as a binder, 6 wt % PEO as a plasticizer and 6% LiBF4. This batch 
was then tape-cast onto a Mylar or Al sheet and dried at 80ºC overnight. The 
resulting tape is flexible enough to be cut into desired shape for further 
characterization. Adding crystalline LAGP into the slurry instead of the glass 
eliminates the need for further annealing of the tape. For comparing the 
contribution of each component of the composite membranes, pure polymer 
blend membranes were prepared using the same procedure except for the last 
step of mixing the polymer solution with LAGP. 
2.3 Preparation of Second Generation of Hybrid Inorganic-
organic Membranes 
 
The final recipe of the second generation hybrid membrane consists of 
NASICON-type LAGP as the fast ion conducting ceramic filler within a 
polymer blend consisting of the plasticizer benzyl butyl phthalate, a polyvinyl 
butyral resin, Lithium tetrafluoroborate (LiBF4) as the dopant salt, 
polyvinylidene fluoride binder. N-methyl-2-pyrrolidinone (NMP) is used as 
solvent. Amongst all the available options for binder, Butvar B98 which is a 




be stable in both acidic and basic solution. The stability of this resin has been 
tested in both weak and strong bases and acids via ASTM method of D543-56T 
showing excellent resistance.146, 147 Hence it was chosen as one of the main 
components in the new recipe. Benzyl butyl phthalate (C19H20O4) was employed 
as plasticizer in the recipe to improve the flexibility.147 The structure of benzyl 
butyl phthalate and Butvar B98 is shown in Figure 2.2. In a particularly well-
performing embodiment of the membrane system the weight percentages of the 
ingredients are as follows: 81 wt% LAGP, 3 wt% benzyl butyl phthalate, 4 wt% 
polyvinyl butyral resin, 4 wt% LiBF4 and 8 wt% PVDF. The ideal amount of 
solvent NMP is 3.5ml for 1g of LAGP ceramic. The recipe has been successfully 
scaled up to 5 gram of total weight.   
 
Figure 2.2 Structure of benzyl butyl phthalate and Butvar B98 employed in the recipe of 
second generation of hybrid membranes (2D models are from Wikipedia and released in 
public domain) 
2.4 Characterization Techniques 
2.4.1 X-ray Diffraction (XRD) 
X-ray powder diffraction is the most widely used method to probe the crystal 
structure. The presence or absence of any particular crystalline phase can be 
determined by this technique. Quantitative phase analysis can be used in order 
to analyse the phase fraction for multi-phase compounds. Data is obtained by 




impinging X-ray on the sample and recording the diffracted intensity as a 
function of angle. Analysis and interpretation of the data is commonly based on 
the method proposed by Rietveld (1969). There are two classes of parameters 
refined by Rietveld method; profile parameters and structural (atomic) 
parameters. Profile parameters describe the shape of Bragg peaks, while 
underlying atomic model is described by structural parameters which include 
the lattice parameters, the atomic positions inside the unit cell and the atomic 
displacement parameters. The most important point to consider in preparing a 
sample for quantitative phase analysis by X-ray diffraction is to minimize the 
preferred orientation which could result in enhancement of the reflection in 
particular directions.148 Structural characterization of the samples was carried 
out using either a high resolution X-ray powder diffractometer (Bruker D8) or 
a high temperature powder diffractometer (PANalytical X'pert PRO with Anton 
Paar HTK-1200N oven chamber) equipped with a fast linear detector 
(X'Celerator). On both instruments Cu Kα radiation (λ=1.5406 Å) is employed 
and XRD patterns were collected in the 2θ range 10–100° with a nominal scan 
rate of 160 s/step and a step size of 0.02°. Generalized Structure Analysis 
System149 along with the graphical user interface, EXPGUI, is applied to refine 
the X-ray patterns. 
2.4.2 In situ X-ray Diffraction (s-XRD) 
In situ synchrotron X-ray powder diffraction (s-XRD) was carried out to 
investigate the formation of crystalline LAGP from the ground glass sample. 
The Powder Diffraction beamline (10-BM-1) at the Australian Synchrotron was 




detector.151 The wavelength λ of the X-ray beam was calculated to be λ = 
0.72721(4) Å using the NIST 660b LaB6 standard reference material. The 
powdered glassy precursor was packed in 0.3 mm quartz capillaries and heated 
using a hot air blower at a rate of 1 ºC to 425 ºC followed by 2 ºC per minute to 
per minute to 750 ºC and kept at this temperature for two hours. Subsequently 
the temperature was raised to 950 ºC with the same heating rate. Cooling from 
950 ºC was undertaken at 5 ºC per minute. During this annealing cycle, data 
were continuously collected for two minutes with each data point accounting 
for 2 - 10 ºC depending on the rates used. LAMP software was employed for 
visualization of the data.152 Sequential Rietveld refinements of the structural 
models with the in situ s-XRD data was undertaken using the GSAS suite of 
programs149 with the EXPGUI interface.153 The number of refinable variables 
was reduced by the use of constraints: All atomic positional parameters and 
atomic displacement parameters (ADPs) for Ge and Al atoms in the LAGP 
phase and ADPs for O atoms were set to be equal. The background was 
modelled by refining 10 parameters using the shifted Chebyshev function 
(function 1 in GSAS). For the first dataset at the highest temperature and hence 
full crystallization, lattice parameters, atomic positional, ADPs and occupancies 
were refined, note that ADPs and occupancies were not simultaneously refined, 
ADPs were fixed while occupancies refined and vice versa. During the separate 
sequential refinements of heating and cooling runs, ADPs were kept fixed. The 
total crystalline phase fraction of the glass ceramics was estimated as the sum 
of the unit cell mass-weighted absolute scale factors for all crystalline phases in 
a specific pattern, divided by the value of this sum for the plateau reached after 




individual crystalline phase were then calculated by multiplying the mass 
fraction of this phase (out of all crystalline phases), extracted from the Rietveld 
refinement, with the crystalline phase fraction. 
2.5 Scanning Electron Microscope (SEM) 
 Microscopic structure of samples was examined using scanning electron 
microscope (SEM, Zeiss Supra 40 VP). In an SEM, a finely focused beam of 
electron scans over the surface area of the specimen to produce the image with 
high resolution. In a vacuum chamber, the electrons are directed from the gun 
(thermionic or field emission) towards the sample using a series of lenses. The 
primary backscattered electrons and secondary electrons emitted from the 
surface after being hit by the electrons are recorded and used to create the image. 
Here, the preparation of the sample involved sizing of the sample to fit on the 
SEM holder and removing all the contaminants. To avoid surface charging of 
the specimen, the surface must be coated by a conductive film. To this end, a 
thin layer of gold (10-20 nm) is coated on the surface of the samples using 
vacuum sputtering machine.  
2.6 Electrochemical Impedance Spectroscopy (EIS) 
Electrical properties of any type of solid or liquid material in the bulk or 
interfacial regions can be characterized using impedance spectroscopy (IS) 
method through investigating the dynamics of bound or mobile charges. In the 
most common electrical stimuli used in IS, a small single frequency voltage (or 




frequency is characterized using fast Fourier transformation in the term of its 
phase shift and amplitude (real or imaginary part).  
To ensure good electrical contact between the pellet and the external 
circuit and also to create a well-defined active area, LAGP ceramic pellets were 
silver pasted and dried at 250 ºC for 15 minutes. For characterising the 
impedance of the polymer or composite membranes, a sputtered gold coating of 
the surface is preferred, as the temperatures required to dry the silver paste 
would damage the polymer component. The active area of the sample was 
typically 0.79 cm2. The thickness of the gold coating is in the range of 10-20 
nm. AC impedance measurements were performed using an impedance 
spectrometer (Solartron SI1260, Schlumberger) in the frequency range of 0.1 
Hz to 10 MHz by the use of a Kiel cell (Ionics GmbH) or a Swagelok cell (X2 
Labwares Pte Ltd). In both cell types, two identical electrodes were applied to 
the faces of the sample in a form of a cylinder. In a typical Nyquist impedance 
plot, as shown in Figure 2.3, a bulk resistance corresponding to local ion 
mobility within individual crystals and non-ideal “geometric” capacitance at 
high frequencies corresponding to the local dipole reorientations is in series 
with a further resistance-non ideal capacitance circuit representing transport 
through the grain boundary region between individual crystals.154 The slope at 
low frequencies corresponds to a Warburg-type element due to the long range 





Figure 2.3 Typical Nyquist impedance plot. 
In this study, the Nyquist plots obtained from impedance spectroscopy 
were refined using the Frequency Response Analyzer (FRA) software 
(Solartron analytical). The appropriate equivalent circuit is chosen depending 
on the resultant Nyquist plot. For the polycrystalline materials, as shown in 
Figure 2.4, the equivalent circuit mainly applied to fit the curves was R(RQ)Q, 
since the frequency range covered is not sufficient to detect the capacitance of 
the bulk semicircle at high frequencies. The observed semicircle is attributed to 
the grain boundary resistance (Rgb) of the sample while the intercept of the 
semicircle on the real axis at high frequency represents the bulk resistance (Rb). 
Bulk and grain boundary conductivities are calculated using the geometrical 
dimensions of the sample using Equation  (2.1). The total resistance in the 
sample is determined by summing up Rb (bulk resistance), any unidentified 
external series resistances (which are considered part of the experimental Rb) 
and Rgb (grain boundary resistance) and the conductivity is calculated based on 
the resistance value. 











































where, l and A are the thickness and the active area of the pellet, respectively 
and R is the resistance. 
 
Figure 2.4 (a) Equivalent circuit of (RQ)(RQ)Q corresponding to the Nyquist plot shown in 
figure 2.2 and (b) simplified equivalent circuit R(RQ)Q for the typical case that frequencies 
corresponding to the bulk semicircle are beyond the measurement range.  
The conductivity of crystalline ionic conductors is thermally activated. 
The link between the value of conductivity and the activation energy (Ea) can 
be explained using Arrhenius Equation (2.2).  
𝜎 = (𝜎0 𝑇⁄ ). exp (−𝐸𝑎 𝑘𝑇⁄ )      (2.2) 
where, Ea is the activation enthalpy for migration. Equation 2-2 can be 
linearized to Equation (2.3): 






     (2.3) 
so that Ea can be  obtained from the slope of the log(T) vs. (1/T) plot 
(Arrhenius plot). High temperature impedance measurements for the samples 
under study were carried out in the temperature range of 30 ºC - 400 ºC (in the 















membrane. The temperature was stabilized at each step for at least 15 minutes. 
Another set of data was collected for cooling.  
For a fully amorphous polymer electrolyte above the glass transition 
temperature, changes in the ionic conduction with respect to the temperature are 
not expected to follow the Arrhenius law due to the segmental motion of the 
polymer. Instead the conductivity in this molten state can be described 
phenomenologically by the Vogel-Tammann-Fulcher (VTF) equation, as 








        (2.4) 
where, Ea is the activation energy, T0 is the fictive temperature at which the 
configurational entropy vanishes (typically somewhat below Tg) and T is the 
temperature at which the measurement is carried out.  
2.7 Differential Scanning Calorimetry (DSC) Analysis 
Differential scanning calorimetry is one of the most common used thermal 
analysis method through which the heat flow difference between the sample and 
the reference is measured. This method allows investigating thermal events such 
as solid phase transformation, glass transition, crystallization and melting in a 
sample while it’s heated or cooled. Sample and the reference are placed in two 
different chambers and the temperature in each of them is controlled using an 
individual heating element to maintain the thermal null state. Any changes in 
the sample temperature will be compensated by the change in the power applied 




our study, DSC measurement was conducted over the temperature range from 
100 °C to 1000 °C (TA instruments, SDT-Q600). A compacted powder of the 
sample is placed in the aluminium pan right beside the reference pan and heated 
with the constant rate of 10 °C per minutes. Transition temperatures including 
glass transition and crystallization temperatures were determined for the 
samples under study.  
2.8 Chemical Stability Tests 
As mentioned in the previous chapter for aqueous Li-air batteries, the stability 
of a fast Li-ion conducting membrane in contact with aqueous catholytes is of 
great importance for the cycle-life of the battery system. As a measure of 
chemical stability, both first generation and second generation hybrid 
membranes were immersed in different catholyte solutions with varying pH 
values for different time durations. The effect of immersion time on the crystal 
structure, ionic conductivity and the surface topography of the hybrid 
membrane were examined. The role of concentration on the degree of attack to 
the membrane is also investigated. The chemical stability of the LAGP pellet 
was also effectively studied when assembled in the hybrid cell. As suggested by 
Visco et al.,155 the chemical stability of the ceramic membrane is measured by 
using a fixed volume of the catholyte which corresponds to the amount used in 
the actual cell rather than immersing it completely in the solution.  
2.9 Assembly of Aqueous and Hybrid Li-air Batteries  
Figure 2.5 demonstrates the schematic design of the aqueous Li-air cell. In our 




hybrid inorganic-organic membranes having the thickness of 100-300 μm) were 
sandwiched between lithium anode and catholyte solution in the reaction 
chamber. In the cells working with a pump, the catholyte was circulated 
between the cell and a reservoir to supply a continuous flow in the cell. The air 
cathode consisted of finely dispersed Pt on multi-walled carbon nanotube arrays 
on a carbon fibre cloth. Oxygen reduction/evolution at the air cathode is 
catalyzed through finely dispersed Pt on multi-walled carbon nanotube arrays. 
The amount of CNT and Pt loaded on the substrate were ≈ 0.0002-0.0004 g/cm2 





Figure 2.5 (a) schematic design of the aqueous Li-air cell with solid electrolyte as anode 
protecting membrane (b) the hybrid Li-air cell used in our study (designed by our 












































In hybrid cells the anode chamber is additionally filled with LiPF6 in 
EC/DMC electrolyte to facilitate interfacial charge transfer. All of the cells are 
tested at room temperature under open air conditions. In the preliminary studies 
on the performance of aqueous Li-air batteries, the cell was assembled using Li-
air coin cells.  
Both electrochemical stability of the sample and the cyclic performance 
studies of the Li-air cell were performed using potentiostat/galvanostat (Arbin 
BT2000 equipped with MITS pro software). In the potentistatic mode, constant 
voltage is maintained between the working electrode and the reference electrode 
by applying current into the cell via counter electrode. In our tests, the potential 
sweeps were applied with a scanning rate of 0.1 mV/s up to 4 V vs. Li/Li+. In 
the galvanostatic mode (for Galvanostatic cycling performance), our pre-set 
current is controlled between the working electrode and the counter electrode. 
The constant current densities and the specific capacities mentioned in chapter 
(3) are calculated based on the amount of carbon present in the air cathode.  
In the following chapter, the results of the different stages of the project 
will be presented and discussed.  
 
  




 RESULTS AND DISCUSSION 
In this chapter, results obtained throughout the project are classified into 
sections and will be discussed in detail. The first section (section 3.1) presents 
the characterization results for the NASICON-type LAGP ceramic and the 
effect of annealing temperature on its properties. This section is followed by the 
performance results of LAGP ceramic in aqueous and hybrid Li-air batteries 
employing various catholye solutions (section 3.4). The design and 
characterization of hybrid inorganic-organic membranes (both first and second 
generation) will be presented in section 3.5 and the feasibility of the membranes 
in LABs will be fully explored (section 3.6).  
3.1 Characterization of NASICON-type Li1+xAlxGe2-x(PO4)3 
(LAGP) Ceramic 
 
One of the most established methods to synthesize NASICON-type solid 
electrolytes is by a solid-state reaction: A glass of the desired stoichiometry is 
produced by melt quenching and subsequent heat treatment is carried out to 
ensure crystallization99, 100 (more details in section (2.1)). Such a controlled 
crystallization of the solid electrolyte from a homogeneous glass yields a 
ceramic of more uniform and dense microstructure with desirable mechanical 
properties. De-convoluting these facets and identifying the relationships 
between them will allow us to make better materials with desirable properties.  
In this chapter, first the formation of LAGP ceramics from a glassy 
precursor of the same overall chemical composition will be studied by DSC 
measurement and in situ synchrotron X-ray diffraction and the effect of 
annealing temperature on the structure and electrochemical properties of the 




sample will be investigated. These studies will help to rationalize the synthesis 
process of the LAGP ceramic to improve the phase purity, reduce dopant 
inhomogeneities and to enhance its reproducibility.  
3.1.1 Formation Mechanism Analysis: DSC Measurement  
The transparent LAGP glass prepared via solid state reaction method needs to 
be further annealed to ensure the formation of the crystalline phase. Identifying 
the optimized temperature range for the annealing is detrimental to the overall 
phase purity and electrochemical performance.  
DSC measurements were performed to estimate the temperature which 
LAGP glass starts to crystallize being the lower temperature limit for annealing 
the sample. Figure 3.1 presents the changes in the heat flow vs. temperature for 
LAGP glass as it is heated from 100 to 1000 °C with a heating rate of 10 °C/min. 
Change in the heat capacity of the sample is observed as a step in the baseline 
of the recorded DSC curve around the temperature of 515 °C which refers to the 
glass transition temperature (Tg). Furthermore, an exothermic peak observed at 
around 623 °C is a sign of the crystallization of the amorphous samples. The 
values are close to the values reported earlier by Fu et al.99 





Figure 3.1 DSC curve for LAGP glass indicating glass transition temperature (Tg) and 
crystallization temperature (Tc). 
 
3.1.2 Formation Mechanism Analysis: In situ Synchrotron X-ray 
Diffraction (s-XRD)  
Figure 3.2 (a) shows a two-dimensional intensity color map of in situ s-XRD 
data along with the time and temperature collected for the formation of LAGP 
ceramic from amorphous LAGP glass. The sample was heated from room 
temperature to 750 °C at 2 °C per minute and kept at this temperature for 2 hours 
followed by subsequent heating to 950 °C (same heating rate). As can be seen 
in the map, at a temperature of about 570 °C the sample starts to crystalize. This 
temperature is close enough to the Tc temperature measured using DSC 
(considering the measurements error and the difference in heating rate). The 
evolution in the s-XRD pattern during heating for the very beginning of 
crystallization and selected higher temperatures are presented in Figure 3.2 (b) 
and (c), respectively. On increasing the temperature, the fraction of the 
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Figure 3.2 (a) 2D color map of intensity plot for s-XRD data along with time and 
temperature (The solid yellow line indicates the heat treatment cycle); changes in the S-
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At the beginning stages of crystallization, a sign of evolution in the 
patterns is evident in the crystal structure with increasing temperature. To 
highlight this evolution, a detail from the diffraction pattern around 17.3 < 2θ 
< 17.7  (d  2.4 Å-1) along with the two dimensional color map of intensity plot 
for the same 2θ range is shown in Figure 3.3(a) and (b). Clearly the main 
crystalline phase changes with increasing temperature. In the initially formed 
NASICON phase the (214) and (300) peaks overlap almost completely, while 
the quantity (refined phase fraction) of this phase drastically shrinks on 
continued heating to around 730 C. At this point, a new NASICON phase with 
a more pronounced splitting of the (214) and (300) peaks, i.e. with a distinct c:a 
lattice parameter ratio, becomes the majority phase. This process is 
accompanied by the formation of a new peak at 2θ = 17.6 which is later 
identified as GeO2 suggesting that the phase formed around 730 C probably is 
Ge-deficient. 
To further investigate this phase evolution, a detailed Rietveld analysis 
is performed. The Rietveld refinement of structural models from the s-XRD 
pattern of the sample at T = 578 ºC shows that at this early stage of 
crystallization the sample is composed mainly of two phases: Al-poor 
LiGe2(PO4)3 (“LGP”, ahex = 8.3205(4) Å and chex=20.571(2) Å) as the majority 
crystalline phase and Al-rich Li1+xAlxGe2-x(PO4)3 (“LAGP”, ahex=8.2951(4) Å 
and chex=20.835(2) Å) as the minority crystalline phase, both crystallizing in the 
rhombohedral space group (R-3c). The low residual wRp of 6.5 % and 2 = 1.94 
for the fit confirm the good agreement between our structural models and the 
experimental data (see Figure 3.4). 








Figure 3.3 (a) two dimensional color map of intensity plot for the 2θ range of 17.2 to 17.7 
(The solid red line indicates the heat treatment cycle) (b) phase evolution for (214) peak 
during heating cycle. 
 
 
Figure 3.4 Rietveld refined powder s-XRD pattern for the glass-ceramic sample at 578 °C 
during the heating cycle (+++) observed, (—) calculated and difference. Vertical bars 
correspond to the calculated Bragg reflections from R-3c model for LAGP (top, purple) and 
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a= 8.2951(4) and c= 20.835(2)
Al-poor LGP (R-3c)
a= 8.3205(4) and c= 20.571(2)




Figure 3.5 (a) shows the changes in the absolute phase fractions (wt%) 
of the crystalline phases along with the amorphous phase fraction and impurity 
phases for the temperature range 568°C to 950 °C of the heating run from the 
sequential Rietveld refinements. The method used to estimate the absolute 
phase fractions is described in section (2.4.2). On increasing the temperature, 
Al incorporation into the LAGP phase gradually increases and the Al-rich 
LAGP phase becomes the dominant phase at the expense of the decreasing 
fractions of both the Al-poor LGP phase and the amorphous content. From the 
mass fractions of the different crystalline products the average composition of 
the amorphous content varies during the course of the crystallization process 
from Li1.5Al0.5Ge1.5(PO4)3 to about Li2AlP3O10.  
A closer look into the evolution shows that around the temperature of 
670 °C (when LAGP has just become the majority phase) the rate of phase 
formation decreases. In addition, the LGP phase fraction continues to decrease 
but this is now accompanied by the formation of the secondary phase GeO2 
(space group of P3121) up to 750 °C (see Figure 3.5 (b)). The heat treatment 
program maintained the sample at 750 °C for two hours and during this dwell 
time the incorporation of Al from the amorphous phase into the LAGP phase is 
nearly complete. This yields a more homogeneous phase of LAGP and a 
pronounced reduction of the LGP phase fraction. As the observed change in 
LAGP/LGP phase ratio is accompanied by a pronounced decrease in strain 
broadening (from 0.18% to below the resolution limit (see Figure 3.6), it may 












Figure 3.5 Temperature dependence of absolute phase fractions (a) Al-rich LAGP and Al-
poor LGP phases along with impurity phases and (b) impurity phases of GeO2, Li4P2O7 and 
Al3-xGexO4.5+x/2 during heating calculated using sequential Rietveld refinement. 
Interestingly, during the 750 °C dwell the residual amorphous content 
crystallizes yielding an impurity phase of lithium pyrophosphate (Li4P2O7, 
space group P1̅ ). Upon further heating, from about 800 °C, the Li4P2O7 phase 
decreases (possibly through a reaction with the GeO2 impurity); and there is no 
trace of this phase left in the sample at 816 °C. It can therefore be assumed that 
the existence of this impurity phase in the final sample can be avoided if 
sufficient time is provided during annealing or heating above 816 °C for short 
































































Figure 3.6 Changes in the strain broadening of LAGP phase with dwell time 
Strain broadening (%) was calculated using isotropic LY; Strain broadening (%) = 100% * LY 
* (π/18000)). 
For temperatures above 800 °C, the Al-poor LGP phase disappears 
completely and NASICON-type LAGP is the dominant crystalline phase. Even 
though crystallization of LAGP sets in at 568 °C, our results demonstrate that 
for “complete” incorporation of Al into the structure, the sample should be 
annealed at temperatures higher than 800 °C. As shown in Figure 3.5 (b), around 
800 °C, the phase fraction of GeO2 also starts to decrease which in turn adds to 
the main LAGP phase. Increasing the temperature further is however 
detrimental, as above 820 C a new Al-rich impurity phase, germanium mullite 
Al3-xGexO4.5+x/2 (space group of I4/mcm), is formed. As discussed below, the 
formation of Al3-xGexO4.5+x/2 concurrently leads to a depletion of Al from 
LAGP. 
The temperature dependence of the lattice parameters a and c for the two 
main phases LGP and LAGP is shown in Figure 3.7. For both phases, heating 
the sample results in a preferential expansion of the lattice along the c axis. 
Alami et al.111 attributes the elongation of the c-axis to rotations of the nearly 
























increase occurs in the lattice parameter a for temperatures higher than 900 K. 
The same trend is observed in our data for Al-poor LGP. For LAGP the lattice 
parameter c increases by heating the sample while the lattice parameter a 
remains nearly constant. The pronounced non-linearity of the thermal expansion 
might indicate that slight changes of the Al content and distribution also play a 
role for the change in this lattice parameter up to about 750 C. For temperatures 
above 770 °C, i.e. after the dwell period, a more homogeneous Al-distribution 
in the sample is not only implied by the drastic reduction of the phase fraction 
of LGP, but also by the fact that the lattice parameters of the two phases 
“LAGP” and “LGP” become nearly identical before the “LGP” vanishes 
completely. In this temperature range above 770 °C, where we may assume that 
the composition of the phase remains constant, the linear thermal expansion 
coefficient along the c-direction is a value of c = 1910-6 K-1 while the 
expansion coefficient for the perpendicular direction is significantly smaller a 
 310-6 K-1. 
 
 Figure 3.7 Temperature dependence of lattice parameter c and lattice parameter a for Al-


















































Apart from temperature, the lattice parameter c – as mentioned above - 
strongly depends on the amount of Al incorporated into the LAGP phase. 
Figure 3.8 shows the variation in c parameter for different Al contents for the 
ex situ samples (x between 0 and 0.6) along with the data extracted from 
literature. Samples with varying Al contents were prepared and studied using ex 
situ XRD. Arbi et al. 114 found that the actual Al-content extracted from MAS-
NMR spectra in their samples differed significantly from the nominal synthetic 
input values (x = 0.280 for the nominal synthetic input value of x = 0.5) and the 
deviation is larger for higher nominal synthetic input values. Accordingly, Al 
doping results in an expansion along c axis in the structure. The actual amount 
of Al doping usually deviates from the nominal synthetic input values. Arbi et 
al.114 highlighted that the amount of Al that is actually incorporated into the 
LGP structure and hence contributes to the enhanced ionic conductivity will 
often deviate substantially from the nominal Al content yielding a wide scatter 
of literature performance data. Therefore, it is important to minimize the 
deviation between actual Al content and the input synthetic value.  
Regression analysis presented here can be used to derive the actual Al 
content x in a LAGP sample to an accuracy of ±0.03 from the value of the lattice 
parameter c using Equation  3.1): 
 
𝑥 𝑖𝑛 𝐿𝑖1+𝑥𝐴𝑙𝑥𝐺𝑒2−𝑥(𝑃𝑂4)3 = 137.951773  𝑐
3 − 8523.82837  𝑐2 +
175558.931 𝑐 − 1205290.72      3.1) 
The ‘c‘ lattice parameter values of our samples (based on synthetic input 
compositions) show good agreement with those for actual compositions 
reported by Arbi et al. based on NMR analyses, therefore we may assume that 




deviations between the nominal and actual Al content are within the accuracy 
limits of the above calibration curve.  
 
Figure 3.8 Room temperature lattice parameter c for LAGP samples with varying Al 
content (x in Li1+xAlxGe2-x(PO4)3) (Data from literature is extracted from 114, 117 and 156) 
*for Lui et al. samples, sol-gel synthesis method is used to produce the glass. 
 
Keeping the sample at 950 °C for 30 minutes results in the continued 
depletion of Al from LAGP into the mullite impurity phase and this leads to a 
phase transition, as evidenced by the formation of shoulders of the LAGP phase 
peaks (Figure 3.9 (a)). We suspect that the Al loss by keeping the sample at 950 
°C predominantly changes the composition in the surface region of the particles. 
Rietveld refined s-XRD pattern at the end of the dwell is presented in Figure 3.9 
(b). Accordingly, the sample again contains two phases of Al-rich and Al-poor 
NASICON-phases, where now the Al-poor phase can be identified with the 
outer shell of the particle, while the particle bulk still consists of Al-rich LAGP.  
As for the heating cycles, data are also collected for the sample during 
cooling after the 30 min dwell period at 950 °C down to room temperature with 
a cooling rate of 5 ºC. Figure 3.10 (a) shows details of s-XRD patterns for the 
2θ range of 20.5 to 21.8 degrees for 4 selected temperatures. 









Figure 3.9 (a) evolution of diffraction patterns of LAGP phase (rhombohedral) by keeping 
the sample at 950 °C (b) Rietveld refined powder s-XRD pattern for the sample at 950 °C 
Vertical bars correspond to the calculated Bragg reflections from 𝑅3̅𝑐 model for LAGP, 
P3121 for GeO2, I4/mcm for Al3-xGexO4.5+x/2 and 𝑅3̅𝑐 for LGP (from top to bottom).  
 
We were attempting to elucidate any subtle structural changes on 
cooling, especially a transition to the monoclinic LT-NASICON phase (low 
symmetry phase), as reported for LiHf2(PO4)3 
157. However, we could not find 
any sign of such a transition in the phase mixture at 950 °C containing Al-rich 
and Al-poor LAGP as well as mullite. Instead, the observed changes in the s-
XRD patterns may be understood as a change in the Al-distribution convoluted 
with thermal contraction. Figure 3.10 (b) shows the changes in the lattice 
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parameter c of the main NASICON phase during cooling to room temperature. 
As mentioned above, after the dwell time at 950 C both Al-rich and Al-poor 
rhombohedral phases are present in the structure. While cooling the sample, Al 
is then redistributed from the Al-rich phase (core) to the Al-poor phase (surface) 
making the particles again more homogenous. The Al content of the final 
NASICON-phase will be lower than the initial Al value of the core and this 
decrease contributes to the shrinkage along the c axis. Once the equilibrium is 
reached (in our samples we estimate around 300 °C), further changes in the 





Figure 3.10 (a) selective S-XRD patterns during cooling to highlight the phase transition in 
the structure (b) Evolution of lattice parameter ‘c’ during cooling. 
According to the Rietveld analysis of the final room temperature s-XRD 
pattern, rhombohedral LAGP is the dominant crystalline phase along with GeO2 



















































and traces of AlPO4 and Li2P4O7 as impurity phases (Figure 3.11). During the 
cooling cycle, lithium pyrophosphate is again formed in the sample around the 
same temperature as heating. A transition around 630 ºC is observed for the 
peaks of this lithium salt which agrees with the literature.158 The formation of 
this phase could be attributed to the excess lithium (extra 10 wt% in the form of 
Li2CO3) used during the synthesis process. Our in situ data now reveal that the 
Al-rich impurity phase germanium mullite Al3-xGexO4.5+x/2 that is formed while 
keeping the sample at (too) high temperatures subsequently transforms to AlPO4 
(P3121) during the cooling run around 300 °C. Thokchom et al. have also 
experimentally reported the partial decomposition of LAGP phase into AlPO4 
after having kept the sample at 950 °C for 6 hours.63 
 
Figure 3.11 Rietveld refined powder s-XRD pattern for the sample at room temperature. 
Vertical bars correspond to the calculated Bragg reflections from R-3c model for LAGP (top), 
P3121 model for GeO2 and AlPO4 and P-1 for Li4P2O7. 
 
Therefore, by maintaining the annealing temperature sufficiently below 
950 °C, the formation of germanium mullite and consequentially also of AlPO4 
could be eliminated. This observation also explains why differences in the heat 
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and actual Al content (and hence different conductivity values) of the LAGP 
samples.  
Atomic coordinates and site occupancies of each atom obtained from 
Rietveld refinement are summarized in Table 3.1. As expected, for the 
isostructural Al-doped Li1+xAlxGe2-x(PO4)3 (LAGP), the charge imbalance 
introduced by a partial substitution of Al3+ for Ge4+ is compensated by 
additional Li+ ions which occupy the 36f Li(2) site. This can be understood as a 
consequence of the reduced difference of Li site energies when both sites are 
partially occupied. This makes it energetically more favourable for Li to be 
dispersed in a more even concentration over the two sites rather than one site 
being fully occupied and the other partially occupied.98 Bond valence site 
energy (BVSE) calculations presented in Figure 3.12 show that Li(1) and Li(2) 
are the only low energy Li sites in the LAGP structure (as well as in the large 
group of isostructural NASICON-type solid electrolytes). Furthermore, the Li+ 
migration pathway of lowest activation energy is a three dimensional pathway 
network involving both site types: Each Li(1) site is connected via a Li(2) site 
pair to 6 adjacent Li(1) sites. 
Table 3.1 Rietveld refinement results for synchrotron diffraction pattern of LAGP sample 
Atom Site Wyckoff position occupancy 
Li(1) 6b 0 0 0 0.7554 
Li(2) 36f 0.05 0.3333 0.08 0.1243 
Ge 12c 0 0 0.141720 0.77 
Al 12c 0 0 0.141720 0.23 
P 18e 0.285317 0 0.25 1 
O1 36f 0.169049 -0.025520 0.190613 1 
O2 36f 0.185239 0.156005 0.084144 1 
* λ = 0.727215 Å; T = 300 K; space group R-3c; a = 8.26064(5) Å and c = 20.6416(2) Å 





Figure 3.12 Bond-valence site energy pathway model for Li+ ion migration in crystalline 
LAGP. Grey isosurfaces represent structure regions that Li+ ions can reach with an activation 
barrier of 0.35 eV. 
 
Overall, in this section results obtained from DSC measurement and in 
situ synchrotron XRD were used to identify the lower and upper limits of 
annealing of NASICON-type Li1+xAlxGe2-x(PO4)3 ceramics to produce phase 
pure LAGP with effective Al doping. In the following section, effect of 
annealing temperature on both crystal structure and Li+ ion conductivity of the 
LAGP sample will be discussed to further optimize the annealing conditions.  
3.2 Effect of Annealing Temperature on Properties of LAGP 
Ceramic  
As mentioned earlier, preparation of fast Li+ ion conducting LAGP ceramic 
from the glassy powders involves an annealing step to ensure crystallization. In 
the previous section, phase evolution during the glass to ceramic transition was 
discussed based on our in situ synchrotron study. In this section, we attempt to 
understand the effect of annealing temperature (in the temperature range of 650 
ºC to 900 ºC for a fixed heat treatment time of 2 hours) on structure and Li+ 
conductivity of LAGP ceramic to identify the optimized heat treatment 
conditions. The annealing temperatures were intentionally kept higher than 570 




ºC being the temperature where crystallization sets off (according to our in situ 
synchrotron results).  
3.2.1 Effect of Annealing Temperature on Crystal Structure 
In this section, the effect of annealing temperature on the crystal structure will 
be studied. The Rietveld refinement of the XRD patterns ascertained that for all 
the samples annealed in this temperature range (650 °C ≤ T ≤ 900 °C), 
NASICON-type LAGP (space group R-3c) is the dominant crystalline phase. 
For the samples treated at the two lowest annealing temperatures of 650 ºC and 
700 °C broad background humps are discernible in the XRD patterns 
confirming that these samples are still partially amorphous after the dwell time. 
This is in line with the results of in situ synchrotron discussed in the previous 
chapter that prolonged heating to higher temperatures is necessary to achieve a 
fully crystalline sample. 
Changes in the lattice parameters a and c (extracted form Rietveld 
refined patterns) were compared for different annealing temperatures and the 
results are shown in Figure 3.13. As shown here, by increasing the annealing 
temperature, lattice parameter a decreases (especially between 700 °C and 750 
°C where the amorphous phase vanishes) and lattice parameter c increases. 
Based on what was shown earlier in Figure 3.7, a larger lattice parameter c is 
correlated with a higher Al incorporation into the structure. For temperatures ≤ 
700 ºC both higher a and lower c parameters confirm the existence of an Al-
poor LGP phase in the sample (c.f. Figure 3.8). The amount of Al incorporated 
into the structure was estimated via Equation  3.1) to be around 
0.45±0.03 for 650 ºC which is slightly lower than the intended synthetic value. 




For temperatures higher than 750 ºC a more homogeneous sample with more 
effective Al doping is achieved. For the highest annealing temperature of 900 
°C, lattice parameter c is slightly decreased. From the comparison with the 
synchrotron in situ data for the same temperature range this may be attributed 
to the partial extraction of Al from LAGP phase for keeping the sample at (too) 
high annealing temperatures. In accordance with this, the room temperature 
pattern for this sample indicated that a new Al-rich impurity phase of AlPO4 
(space group P63cm) is formed.  
 
Figure 3.13 Variations in the lattice parameter a and c with annealing temperature. 
On increasing the thermal treatment temperature, a sharp increase in the 
crystallite size of the LAGP phase is observed between lower annealing 
temperatures (650 ºC and 700 ºC) and those annealed at 750 °C ≤ T≤ 850 °C. 









































in a decrease in the particle size. This peak broadening could be due to the 
splitting of LAGP phase into two peaks with different Al content which cannot 
be detected via laboratory powder XRD. Another reason for this could be an 
increase in the nucleation sites in the sample after the formation of new Al-rich 
impurity phase.  
 
Figure 3.14 Variations in the crystallite size of the sample with annealing temperature 
*crystallite size calculated using 𝑝(Å) = 18000𝐾𝜆 𝜋𝐿𝑥
⁄  where, K is the Scherrer constant, 
λ is the wavelength (in Å) and Lx is the Lorentzian broadening factor obtained from 
Rietveld refinements. 
 
Overall, by factoring in the slight shift in temperatures between the two 
heat treatment series discussed above, the overall trends of the ex situ 
experiments are in good agreement with in situ data showing that an increase in 
Al incorporation into LAGP phase yields larger c parameters. Similarly, the 
drop in the lattice parameter c when the annealing temperature is increased to 
900 °C can be attributed to the extraction of Al from LAGP. The shift by about 
50 °C in furnace temperatures, which may be both due to the use of a different 























3.2.2 Effect of Annealing Temperature on Ionic Conductivity of LAGP 
Ceramic 
Up to this stage and based on both in situ s-XRD and ex situ powder X-ray 
diffraction results, the optimized thermal treatment temperature range is 
determined. To identify the exact heat treatment condition to obtain the most 
desirable properties, the effect of annealing temperature on ionic conductivity 
was studied by fitting the impedance plot to equivalent circuits. Sample 
preparation is discussed in detail in the experimental section of the thesis 
(section 2.6). The results for the temperature dependence of the total 
conductivity are shown in Figure 3.15. The activation energy (Ea) for different 
annealing temperatures is determined using the linear part of the plots based on 





𝑘𝑇⁄ )         (3.2) 
Accordingly, the lowest value of Ea = 0.35 eV belongs to the sample 
annealed at 850 ºC while samples annealed at 650 ºC and 900 ºC possess the 
highest activation energy values (Ea = 0.40 V and 0.41, respectively). The 
activation energy for the LAGP glass is reported to be 0.53 eV. 117 The higher 
activation energy for the glass implies that transport in amorphous LAGP 
involves higher activation energy barriers than the barrier of the rate-
determining step (hop from equilibrium Li site Li(1) to Li(2) site) occurring in 
the crystalline NASICON phase.  
  








Figure 3.15 (a) Arrhenius plot of total conductivity for different annealing temperatures 
(b) changes in the activation energy with annealing temperature. The activation energy for 
glass LAGP is reported to be 0.53 eV.117 
As observed in Figure 3.15, the formation of the predominant crystalline 
phase in the pellets results in an improved absolute conductivity and a lower 
activation energy. As discussed in section (3.1.2) and shown in Figure 3.5, 
increasing the annealing temperature, promotes the formation of the fast-ion 
conducting LAGP phase in the pellets resulting in an improvement in the 
conductivity and a slight reduction in the activation energy. For annealing 























































amorphous phase in the sample which could attribute to the higher activation 
energy. For the ex situ measurements the same applies to samples annealed 
below 750 °C. In addition the lower content of Al and its inhomogeneous 
distribution will contribute to the lower conductivity values found in the 
samples annealed at low temperatures. 
Another explanation could be the significant Al occupancy on the Li(1) 
site for the temperature of 650 ºC so that there is roughly a random distribution 
of Al between the 6-fold Li(1) and the 12-fold Ge sites (per formula unit we 
find 0.07 Al on the Li(1) site, 0.08 Al on the Ge site in the sample annealed at 
650 ºC). For this temperature, the significant occupancy of Al on Li(1) site 
blocks parts of the transport pathways for Li and contributes to the higher 
activation energy. According to the Rietveld refinement results, the Al 
occupancy on the Ge site (and hence the Li occupancy of the Li(2) site) 
increases with annealing temperature (for temperatures ≤ 850 °C), which further 
decreases the activation energy. The observed decrease in conductivity when 
the annealing temperature exceeds this value (900 °C for ex situ data), can now 
be understood as a consequence of the extraction of Al from LAGP phase and 
formation of impurity phase of AlPO4.  
According to above-mentioned discussions, LAGP pellets annealed at 
850 °C for 2 hours exhibited the most desirable properties. Figure 3.16 (a) 
shows the Rietveld refinement of the LAGP crystalline pellet. The refinements 
confirm the formation of NASICON-type LAGP as the dominant crystalline 
phase that adopts rhombohedral system (R-3c) and of the inevitable secondary 
phase of GeO2 (space group P3121) with trace amounts of Li4P2O7 (space group 




P-1). Refinements also suggest that at the sample preparation temperatures, 
Aluminium clearly prefers the Ge site and the AlLi
•• occupancy becomes hardly 
significant (for T = 850 °C: 0.02 Al per formula unit on 6-fold Li(1) site). 
Atomic coordinates (x, y, z) and site occupancy (n) of LAGP ceramic annealed 
at 850 °C for 2 hours are listed in Table 3.2. From the site occupancies of Al 
and Ge, the actual x value deviates from the input value of 0.5. Therefrom, the 
actual composition of the sample is Li1.46Al0.46Ge1.54(PO4)3. The SEM 





Figure 3.16. (a) Rietveld refined XRD pattern of the LAGP pellet annealed at 850 °C for 2 



























a=8.2564 (1) and c=20.6501 (4)
GeO2 (P3121)
a=4.9908 (5) and c=5.6235 (9)




Table 3.2. Rietveld refinement results for laboratory powder X-ray diffraction pattern of 
LAGP sample 
Atom Site Wyckoff position occupancy 
Li(1) 6b 0 0 0 0.8579 
Li(2) 36f 0.05 0.3333 0.08 0.1070 
Ge 12c 0 0 0.141983 0.77 
Al 12c 0 0 0.141983 0.23 
P 18e 0.286478 0 0.25 1 
O1 36f 0.173439 -0.019311 0.189032 1 
O2 36f 0.184671 0.160793 0.084144 1 
* λ = 0.154050 Å; T = 300 K; space group R-3c; a = 8.2564 (1) Å and c=20.6501 (1) Å 
 
Another main finding for this section is that the highest room 
temperature ionic conductivity is achieved for LAGP ceramic annealed at 850 
ºC. Figure 3.17 depicts room temperature Nyquist plots of frequency-dependent 
impedance data for the pellet. The equivalent circuit R(RQ)(Q) was chosen for 
fitting the data where the extrapolated high-frequency intercept of the grain 
boundary semicircle with the real impedance axis is identified with the bulk 
resistivity (σb) and the semicircle diameter gives us the value of grain boundary 
conductivity (σgb). The highest values of bulk, grain boundary and total 
conductivities achieved for the pellet annealed at 850 °C for 2 hours are 
calculated to be 8.6×10-4 Scm-1, 7.4×10-4 Scm-1 and 4×10-4 Scm-1, respectively. 
It should be noted that varying the annealing time from 2 hours to 6 hours 
resulted in a drop in the conductivity value. For two pellets from the same batch, 
both bulk and grain boundary conductivities were reduced by a factor of 3.  





Figure 3.17. Room temperature Nyquist plot of LAGP pellets annealed for 2 hours at 850 °C 
governed by grain boundary conduction and electrode polarization 
Based on the results presented in this section, at the later stages of this 
study, an annealing condition was set at the temperature of 850 °C and for the 
duration of 2 hours to prepare the LAGP crystalline.  
3.3 Stability of LAGP Ceramic in DI Water 
 
One of the main requirements for the anode-protecting membrane for 
aqueous LABs is chemical stability. As a measure of stability of LAGP ceramic, 
both powder and pellet were immersed in deionized (DI) water and the changes 
in the pH value were monitored (Figure 3.18 (a) and (b)). Spontaneous proton 
for Li+ ion-exchange in aqueous solutions and hence a quick rise of the pH value 
is observed for both perovskite-type83 and garnet-type oxides81, 82 limiting their 
applicability in aqueous solutions. As shown in Figure 3.18 (a), within the first 
hour of immersion of LAGP powder in DI water in a sealed container, the pH 
value instead slightly decreased from 6.5 to 5.06. This indicates the slow 
formation of an acidic solution. The pH value continued to gradually decrease 























decrease in pH can be understood by the following simplified reaction where 
H3PO4 is formed making the solution more acidic (Equation (3.3)):  
4𝐻2𝑂 + 𝐿𝑖𝐺𝑒2(𝑃𝑂4)3 ↔    𝐿𝑖𝐻2𝑃𝑂4 + 2𝐺𝑒𝑂2 + 2𝐻3𝑃𝑂4  (3.3) 
This stability test was also carried out for a LAGP pellet in open air condition 
and the results are shown in Figure 3.18 (b). In the first two hours, the pH value 
increased from 7 to 7.3 and stayed constant for almost 2 days. Afterwards, the pH 






Figure 3.18 Changes in the pH value as a function of immersion time in DI water for (a) 































Accordingly, it can be concluded that the dense LAGP pellet is quite 
stable in DI water and the attack is minimized compared to the powdered LAGP. 
The minute decrease in the pH for the case of LAGP pellet could be due to the 
absorption of CO2 from the air and formation of carbonic acid. It should be 
emphasized that the change in the pH is a very slow process for LAGP ceramic 
(4 pH units over one month for the powder, and for the pellet a hardly significant 
0.2 pH units over 10 days) when compared to the very fast increase of pH 
observed for other solid electrolytes (5 pH units within a minute for garnet-type 
Li7-xLa3Zr2MxO12 powder). In order to establish the presence of any structural 
changes upon immersion in DI water, powder diffraction was performed on the 
LAGP powder after drying. In the XRD pattern, shoulders appear for the peaks 
of LAGP phase (R-3c). The Rietveld refinement of the data suggests the 
existence of two NASICON-type LAGP phases with different Al contents. The 
amount of impurity phase of GeO2 decreased considerably after immersion. 
Since the trigonal form of GeO2 is soluble in water, it could have been washed 
away with the solution 159. 
 
Figure 3.19 Powder x-ray diffraction pattern for LAGP sample after immersion in DI water 
for 10 days.(+++) observed, (—) calculated and difference; Vertical bars corresponding to 
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3.4 LAGP Pellets as Anode-protecting Membrane for 
Aqueous and Hybrid Li-air Batteries 
As mentioned earlier in the introduction chapter, even though NASICON-type 
ceramics are the most successful solid electrolyte reported for LABs so far, 
LAGP ceramic has been mostly investigated in all-solid-state Li-air batteries. 
In this section, first, LAGP pellets will be investigated as anode-protecting 
membranes in rechargeable aqueous cells using various catholytes 
(section 3.4.1). The possible reasons behind failure of the cell will be discussed. 
Thereafter, the performance of LAGP pellet in aqueous Li-air cell will be 
compared with hybrid Li-air batteries, where the anode chamber is filled with 
organic electrolyte (section 3.4.2). Different factors affecting the effective 
voltage of the cell will be discussed in the end of this section.  
3.4.1 LAGP Pellet as Anode-protecting Membrane in Aqueous Li-air 
Batteries 
Room temperature performance of the aqueous cell when operated under open 
air with continuous flow of 5 M LiOH as catholyte is presented in Figure 3.20 
(a). The cell is tested by cycling between 2 V and 4 V at constant current density 
of 100 mA/gC (≈ 0.03 mAcm-2) where each cycle is limited to 2 hours. Since 
the main purpose here is to characterize the pellet as anode-protecting 
membrane, where depth of cycling is not so relevant, our primary focus will be 
the exposure time and the deep cycling is avoided. As can be seen in Figure 3.20 
(b), the cell retains its pre-set charge and discharge capacity of 100 mA.h/gC 
until the last cycle (where discharge capacity drops to 80 mA.h/gC). The 
overpotential between charge/discharge cycles was about 0.78 V in the first 
cycle and gradually increased reaching the value of 0.96 V before failure. The 









   
Figure 3.20 (a) room temperature cycling performance of the cell under constant current of 
100 mA/gC in LiOH (pumped) with Pt/CNT cathode (b) charge/discharge profiles of aqueous 
LAB with continuous flow of LiOH (each cycle is intentionally limited to 1 hour). 
The relatively high overpotential and short cycle life of the cell shown 
in Figure 3.20 will be affected by the internal cell impedance due to the Ohmic 
resistance of solid electrolyte and catholyte layers (ca. 200  in total) and 
probably more importantly the charge transfer impedances for the various 
interfaces involved. Among these, especially the Li to solid electrolyte charge 
transfer will be critical. Moreover, when e.g. exceeding the saturation 
concentration of LiOH, the activation energy for crystallization is contributed 



























influenced by the low solubility and slow diffusion of O2 leading to a 
progressive local depletion with increasing current as well as the local 
accumulation of the produced OH- at the air cathode. The overpotential seems 
to be worsened by flooding of the catholyte when it is pumped into the cell, 
which might lead to a wetting of the top layer of the cathode reducing the active 
area of the air cathode and consequently increasing the local current densities 
(and concentration imbalances) at the active parts of the air cathode. For the 
charging reaction the lower effectivity of Pt for catalysing the OER as well as 
the reduction of active catalyst surface area by O2 gas bubble formation will 
contribute to the overpotential as well. If the higher charging voltage in pumped 
cells is affected by an unfavourable drowning of the air cathode (Figure 3.21), 
modifying the cell to make it possible for the cathode to move freely on the 
catholyte (floating cathode concept) should be beneficial. 
 
Figure 3.21 Effect of maintaining continuous flow of catholyte on the charge overpotential of 
the cell. 
To lower the alkalinity of the catholyte and increase the solubility limit 
of the catholyte solution, both neutral and acidified LiCl (10M) solutions were 
investigated. For the case of neutral LiCl (10M), the cyclability of the cell under 
































was then further reduced to 5 mA/gC. With this current, the first charge and 
discharge of the cell were limited to 3 hours each and for the second cycle 
onwards, each cycle was limited to 4 hours. Charge and discharge profile of the 
cell working with neutral LiCl (10M) is shown in Figure 3.22 (a). 
For the acidified LiCl (10M, pH≈2-3) catholyte, a clear improvement in 
the performance of the cell under a constant current of 100 mA/gC is observed. 
The electrochemical performance of the cell with continuous supply of 
catholyte is shown in Figure 3.22 (b). The cell cycled with flat charge and 
discharge plateaus for 15 cycles. The discharge voltage is almost constant 
during cycling while the charge voltage gradually increases, finally leading to 
the failure of the cell. Lower overpotential between charge and discharge is 
achieved for the cell with no pump. As can be seen in Figure 3.22 (c) both charge 
and discharge voltages are lower compared to the cell with pump and keep 
decreasing with prolonged cycling. In the cell without continuous flow of the 
catholyte, increase in the concentration of Li+ ions during charge and discharge 
will have negative impact on the activity of the Pt catalyst. Additionally, the 
increase in both activities of Li+ and OH- results in lower equilibrium potential 
of the cell (more detailed discussion on the voltage in section 3.4.3). On the 
other hand a comparison of the potential variation during charge and discharge 
curves for a cell without a pump and a cell with continuous flow of catholyte 
points to a different explanation: In cells without pumping, the relatively low 
equilibrium voltage of the cell can be justified by assuming that the cell reaction 
is essentially following the 2-electron mechanism (𝑂2(𝑔) + 𝐻2𝑂 +  2𝑒
− ↔
𝑂𝐻− +  𝐻𝑂2
−), during both charge and discharge. In cells with continuous flow 
of the catholyte the discharge voltage is almost the same implying the same 2-




electron reaction, whereas the charge voltage of the cell is higher, suggesting 
that during charge the 4-electron reaction ( 𝑂2(𝑔) + 2𝐻2𝑂 +  4𝑒
− ↔
4𝑂𝐻− ;  𝐸4𝑒
𝑜 = 0.401 𝑉 𝑣𝑠. 𝑁𝐻𝐸) occurs in the cell as the catholyte containing 
the peroxide formed during discharge has been exchanged with fresh catholyte 
that does not contain peroxide for the 2-electron oxidation reaction. Therefore 
the oxygen evolution will occur from water with a higher (equilibrium) 
potential. 
In the presence of HCl in the catholyte, the governing reaction in the cell 
should follow Equation (3.4):  
4𝐿𝑖 + 𝑂2 + 4𝐻𝐶𝑙 ↔ 4𝐿𝑖𝐶𝑙 + 2𝐻2𝑂        (3.4) 
In the aqueous cell with neutral LiCl (10M) (Figure 3.22 (a)) and much 
lower current density, the equilibrium voltage of the cell is higher and more 
stable compared to the acidified cell (Figure 3.22 (b)). This could be attributed 
to the fact that for smaller currents the oxygen diffusion to the reaction chamber 
is not the rate determining step. The slight drift in the potentials of charge and 
discharge in Figure 3.22 (b) may be affected by a change in the governing 
reaction mechanism (see also section 3.4.3).  
 
  










Figure 3.22 room temperature charge/discharge profiles of aqueous LAB (a) with continuous 
flow of neutral LiCl (10M) as catholyte solution under constant current density of 5 mA/gC (b) 
with continuous flow of acidified LiCl (10M) as catholyte solution under constant current 
density of 100 mA/gC (0.03 mAcm-2) (c) acidified LiCl (10M) as catholyte solution under 
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As shown in Figure 3.23, compared to the cell working with LiOH (5M) 
as catholyte solution, a lower overpotential and longer cycle life is observed for 
acidified LiCl (10M). Hence, lowering the alkalinity of the cell proves to be 
effective in reducing the overpotential of the cell.  
 
Figure 3.23 comparison between overpotentials for aqueous cells working with LiOH (5M) 
and LiCl (10M) 
For the aqueous Li-air cells mentioned so far, apart from the large 
overpotential of the cell caused by interface resistances and also flooding of the 
catholyte, the formation of cracks when aiming to tightly seal cells with the rigid 
LAGP pellets remained another major challenge for reproducible cell assembly. 
In the following section, one approach to improve the contact between LAGP 
pellet and the lithium anode via an anolyte of LiPF6 in EC/DMC in the anode 
chamber will be discussed. The performance of these cells and the reasons 
behind cell failure will be presented. The other approach to resolve this issue 
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3.4.2 LAGP Pellet as Anode-protecting Membrane in Hybrid Li-air 
Batteries 
The room temperature cycling performance of the hybrid Li-air cell using 5 M 
LiOH catholyte solution is shown in Figure 3.24 (a). Flat charge and discharge 
curves are observed for 140 cycles with overpotentials as low as <0.1V for the 
first 70 cycles. Thereafter the overpotential rose in a stepwise pattern to 1.27 V 





Figure 3.24 (a) room temperature cycling performance of the hybrid LAB using 5 M LiOH as 
catholyte solution (no pump) under constant current density of 100 mA/gC  under open air and 
(b) polarization between charge and discharge curves (each cycle is limited to 40 minutes) 
 
Electrochemical performance of the cell under higher constant current 
density of 500 mA/gC was also investigated and is shown in Figure 3.25 (using 
LiOH (5M) as catholyte). At this current, the cell cycled successfully with a 
capacity limited intentionally to 167 mA.h/gC for 74 cycles. However, the cell 









































100 mA/gC, and the lifetime of the cell was reduced to almost half (though that 





Figure 3.25 (a) room temperature cycling performance of the hybrid LAB using 5 M LiOH as 
catholyte solution (no pump) under constant current density of 500 mA/gC (b) first charge and 
discharge curves for hybrid cells and aqueous cell with LiOH as catholyte solution 
Figure 3.25 (b) compares the charge and discharge cycles for hybrid 
cells with current densities of 100 mA/gC and 500 mA/gC along with an aqueous 
cell. Considerable decrease in the overpotential of the cell is achieved for hybrid 
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Further investigation was carried out to identify the reason behind 
gradual increase in the cell overpotential and consequential failure of open-air 
cells employing LiOH. After the cell was disassembled, reaction deposits were 
observed in the catholyte chamber mainly on the LAGP pellet. Ex situ X-ray 
diffraction was performed on the deposits after drying overnight. The XRD 
pattern is shown in Figure 3.26. Accordingly, formation of Li2CO3 in the cell is 
confirmed during cycling. Under open air condition, CO2 from the air reacts 
with Li+ ions during the discharge cycle and Li2CO3 precipitates in the cell. 
Some residues of Li2CO3 were found on the cathode side which further block 
the O2 transfer into the cell by clogging the air inlet. Existence of Li2CO3 in the 
cell can also block the Li+ tunnels. A performance enhancement can thus be 
expected from extracting CO2 from the supplied air especially when using 
LiOH-based catholytes. 
.  
Figure 3.26 XRD pattern of the reaction products deposited in the cell (‘*’ peaks correspond 
to Li2CO3) 
XRD patterns of the LAGP pellet after cycling were also measured to 
investigate the stability of the pellet in the cell. Accordingly, for both low and 
high current densities (as shown in Figure 3.27 (a-b)), the main phase of 
NASICON-type LAGP remains intact with almost no change in the lattice 






























parameters and few impurity peaks of Al(PO4).2H2O are formed in the sample. 
Phase fraction of GeO2 phase increased slightly after immersion.  





Figure 3.27 XRD patterns of LAGP pellet before and after cycling in hybrid Li-air cell with 
5M LiOH as catholyte solution at constant currents of (a) 100 mA/gC and (b) 500 mA/gC. 
As provided in Figure 3.28 (a), when replacing the catholyte solution 
with neutral LiCl (10M), the cell was successfully cycled for more than 60 hours 
with a current of 100 mA/gC (without continuous flow of catholyte). The 
charge/discharge overpotential of the cell was less than 0.05 V for the first 59 
cycles. For the cell working with acidified LiCl (10M) the overpotential of the 
cell is even smaller (about 0.03 V for most of the cycles). Sudden drop in the 







































cell (probably caused by disturbance of the cell) working with acidified LiCl 
(10M) caused the early failure of the cell. The cycling performance of the cell 
is shown in Figure 3.28 (b). For the cell working with neutral LiCl, one of the 
reasons behind the capacity fading could be loss of contact due to the 
evaporation of the catholyte in the cell or the slow removal of gas bubbles 
formed during charging. For this design of the cell, providing a continuous flow 
of the catholyte to the cell was not possible. Hence, the cell was filled up with 
catholyte again after failure and the capacity was retrieved for a few cycles 
(though with lower voltages for both charge and discharge cycles) and the cell 
eventually failed after 80 cycles. For the longer depth of discharge for acidified 
LiCl (10M) as shown in Figure 3.28 (c), the overpotential of the cell is still 
<0.05 V. To identify the reason behind continuous drop the cell was 
disassembled after failure and the sign of attack to the lithium anode was 
evident. Gradual leakage of the catholyte into the anode chamber is probably 
the reason behind gradual decrease in charge and discharge voltages. In most of 
the hybrid cells, wax or cold mount resin are used to seal the gaps in the cell to 
stop the catholyte solution from leaking to the anode chamber. However for the 
catholyte solutions with high acidity, sealing materials with more resistivity to 
the acid need to be replaced to avoid the sudden failure of the cell. In some of 
our hybrid cells it was noticed that the equilibrium voltage of the cell goes down 
slightly from one cycle to another. One reason behind this could be the side 
reactions happening in the cell which affect the pH value and hence the voltage 
of the cell (especially for the case of acidified catholytes). 
 
  











Figure 3.28 room temperature cycling performance of the hybrid LAB using (a) neutral LiCl 
(10M) as catholyte solution (b) acidifed LiCl (10M) as catholyte solution, each cycle limited 
to 1 hour and (c) acidifed LiCl (10M) as catholyte solution, each cycle limited to 4 hours 
*constant current density of 100 mA/gC. 
In the cell performing with LiCl (10M), there was no trace of any of the 
reaction products left after the cell was disassembled to relate to the failure of 
the cell. In order to investigate the degradation of LAGP ceramic in the cell as 
one of the performance limiting factors, the structural stability of LAGP pellet 
after cycling in LiCl (10M; initial pH of 6) and acidified LiCl (10M; initial pH 

























































depicted in Figure 3.29 (a) and (b), respectively, NASICON-type LAGP phase 





Figure 3.29 Rietveld refined XRD pattern for LAGP pellet in contact with (a) neutral LiCl 
(10M) and (b) acidified LiCl (10M) *lattice parameters of LAGP sample are ahex = 8.2568 Å 
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It should be noted that lattice parameters a and c both decrease slightly 
after immersion. According to the correlation between lattice parameter c and 
amount of Al doping presented by our group160 and discussed in chapter (3.1.2), 
the x value in Li1+xAlxGe2-x(PO4)3 which was initially around 0.5 is reduced to 
≈ 0.4 after immersion in both neutral and acidified catholytes. This extraction 
of Al from the main LAGP phase could therefore deteriorate the ionic 
conductivity of the pellet causing an increased overpotential. Moreover, the 
background of the XRD patterns after immersion is slightly more modulated 
compared to before contact, which could be due to the formation of an 
amorphous phase in the sample assumed to be an Al-rich phase.  
Figure 3.30 compares the cell overpotentials for aqueous and hybrid 
cells operated at the same current densities. The objective of employing hybrid 
design was to reduce the interfacial resistances. As can be seen here, a 
considerable decrease in the cell overpotential compared to the Li-air cells with 
direct contact between Li and ceramic membrane is achieved for hybrid cells 
which further results in longer cycle life of the cell. This can be attributed to an 
improved contact between lithium and solid electrolyte when using an anolyte 
(LiPF6 in EC/DMC). Improved contact also led to excellent energy efficiency 
(> 97%). Amongst the various catholytes tested in the hybrid Li-air cell, as 
shown in Figure 3.30 (b), acidified LiCl (10M) showed the highest energy 
efficiency.  
  








Figure 3.30 (a) comparison between charge/discharge overpotential for aqueous and hybrid 
cells with varying catholytes (b) energy efficiency of the hybrid Li-air cells for different 
catholyte solutions; literature data for the lowest cell overpotential reported in 48. 
3.4.3 Effective Cell Voltage 
One of the key factors limiting the higher energy densities of our cells is the 
lower equilibrium voltage of the cell than the expected standard voltages where, 
𝑝𝑂2 =1 atm is assumed and H2O is normally considered as an almost pure 
condensed phase. Moreover at the standard conditions, the temperature should 
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standard conditions. The lower value and variation of the open cell voltage in 
our cells could be influenced by numerous factors which are all equally 
important. Most of them can be understood from considering the Nernst 
condition found on the cathode side and also the preferred oxygen reduction 
pathway of the cell. Here we will expand the Nernst equation for the cell with 
alkaline catholyte. 
For the cell with alkaline catholyte, depending on the activity of the 
catalyst, the reaction at air cathode could be either 4-electron reduction 
(Equation (3.5)) or 2-electron reduction (Equation (3.6)):  
4-electron reduction:  
𝑂2(𝑔) + 2𝐻2𝑂 +  4𝑒
− ↔ 4𝑂𝐻− ;  𝐸4𝑒
𝑜 = 0.401 𝑉 𝑣𝑠. 𝑁𝐻𝐸  (3.5) 
2-electron reduction: 
𝑂2(𝑔) + 𝐻2𝑂 +  2𝑒
− ↔ 𝑂𝐻− +  𝐻𝑂2
−; 𝐸2𝑒
𝑜  = -0.076 V vs. NHE  (3.6) 
And the governing reaction of the cell will be either Equation (3.7) or (3.8) 
2𝐿𝑖 + 1 2⁄ 𝑂2 + 𝐻2𝑂 ↔ 2𝐿𝑖
+ + 2𝑂𝐻−    (3.7) 
or  
2𝐿𝑖 + 𝑂2 + 𝐻2𝑂 ↔ 2𝐿𝑖
+ + 𝑂𝐻− + 𝐻𝑂2
−    (3.8) 
For the above-mentioned cell, simplified Nernst Equation for temperature of 25 











1/2     (3.9) 
or 














    (3.10) 
According to these equations the lower value of E for our cell will be 
partly due to (1) lower activity of O2 in the catholyte near the catalyst (below 
the standard value 1 atm) as a consequence of a limited solubility of O2 in the 
catholyte (in our highly concentrated catholytes, the solubility of O2 goes down) 
or slow diffusion rate of O2 through the thick air cathode (2) high concentration 
of Li+ having negative impact on the activity of the catalyst (3) the higher 
activity of Li-ions both in the solid electrolyte (12.3 mol/l) and in the catholyte 
(5 – 10 mol/l) as well as the high concentration of OH- ions and generally the 
reduced concentration of water in the concentrated solutions. (4) improper 
wetting of the air cathode giving rise to lower voltage in the cell; for extreme 
case no equilibrium state is achieved and so Nernst equation may not be 
applicable and (5) formation of HO2
- in the 2-electron oxygen reduction reaction 
(Equation (3.6)) with lower standard electrode potential of 𝐸2𝑒
𝑜 = -0.076 V vs. 
NHE as a possible air cathode reaction instead of more desirable 4-electron 
reaction. Even though Pt is proved to prefer a 4e- reduction (Equations (3.5)), 
for the case of catholytes with high concentration of Cl- ions, a 2e
- reduction is 
a possibility.161 The insufficient amount of catalyst on the air cathode or lower 
activity of O2 near the catalyst could also promote the 2-electron O2 reduction 
reaction. If the 2-electron mechanism prevails, a local depletion of HO2
- during 
charging will lead to an increase of the charging voltage (and finally to a 
switching to the 4-electron mechanism). 
The ORR voltage might be lowered by parasitic hydrogen evolution in 
the cell especially if the catalyst is corroded.162 For the cells with high 




concentration of Cl- ions, formation of Cl2 in the catholyte solution might 
compete with OER if the catalyst effectivity is insufficient161 (𝐶𝑙2(𝑔) + 2𝑒
− =
2𝐶𝑙−;  𝐸0 = 1.35 𝑉 𝑣𝑠. 𝑁𝐻𝐸), which would lead to a consumption of the salt 
in the catholyte and hence a higher ohmic resistance. Also, upon formation of 
Cl2, catholyte will be pushed out of the cell, resulting in a loss of contact at the 
air cathode.161 Gradual oxidation of carbon in the air cathode is another side 
reaction that can influence the charging voltage.35, 37 




3.5 Composite Membranes based on NASICON Ceramic and 
Polymer Electrolytes 
Composite electrolytes composed of ceramic filler and polymer matrix are 
interesting group of electrolytes in the sense that each component involved 
keeps its own properties and the overall properties of the system depend on the 
properties of both filler and matrix in addition to the interaction between the 
two. In this study, the idea behind preparing the composite membrane is to 
synergize the mechanical and chemical robustness of the ceramic electrolyte 
and the flexibility, low cost and scalability of the polymeric electrolyte and to 
eliminate the need for using Li protecting layers causing further interfacial 
resistance complications. In the following sections of 3.5.1 and 3.5.2, first and 
second generations of inorganic-organic membranes we be discussed, 
respectively. 
3.5.1 First Generation Inorganic-organic Hybrid Membranes 
 Polyethylene oxide, polyvinylidene fluoride and the lithium salt are the 
three main components of the first generation solid polymer electrolyte (SPE) 
163. Due to its high solubility translating into a high conductivity of the polymer 
membrane, LiClO4 is often chosen as the lithium salt in polymer electrolytes, 
but it is a strong oxidizer due to the high oxidation state of chlorine (VII) and 
its use in industry faces restrictions in many countries due to the explosion 
hazard that perchlorates pose. In our work, LiClO4 was substituted by lithium 
tetrafluoroborate (LiBF4), which owns higher ionic mobility and lower lattice 
energy when compared to LiClO4. Room temperature conductivity values for 
polymer blends having LiClO4 or LiBF4 as a salt are determined to be 2.9×10
-4 
Scm-1 and 6.9×10-4 Scm-1, respectively. Higher room temperature conductivity 




for LiBF4 is due to the better dissociation of the salt which results in larger 
number of mobile charge carriers.  
Figure 3.31 shows the plot of conductivity for PEO:PVDF:LiBF4 
polymer membrane in the temperature range of 30 °C to 80 °C in the steps of 5 
°C. A pronounced change in the slope of the plot is visible around 55 °C, which 
corresponds to the melting of the crystalline PEO in the polymer blend. Below 
55 °C, the Arrhenius fit gives us the activation energy of 0.16 eV. For 
temperatures higher than Tg, where the conductivity of polymer electrolyte is 
the result of ion motion coupled with long range motions, the variation of the 
conductivity can be described as following a Vogel–Tammann–Fulcher1 (VTF) 
-type behaviour 164 with a low activation energy of 0.04 eV and a T0 of 249 K 
(79 K below the glass transition temperature).  
 
Figure 3.31 Plot of conductivity of polymer membrane in the temperature range of 
30 °C to 80 °C (the optimum composition of the polymer blend is 50 wt% PVDF, 
25 wt% PEO and 25% LiBF4) 
 
                                                 




































Even though PEO:PVDF:LiBF4 polymer electrolyte fulfils the need for 
high lithium ion conductivity and easy handling but it doesn’t meet the 
requirement of high chemical stability in the aqueous Li-air cell. Stability tests 
quickly showed that the value of room temperature conductivity of the polymer 
membrane drastically decreased to 2.8×10-7 Scm-1 and 1.6×10-5 Scm-1 after 
immersion for only 2 days in glacial acetic acid and phosphate buffer, 
respectively. 
Based on these results, this PEO-based polymer membrane on its own is 
not a suitable candidate for the application in Li-air batteries mainly due to the 
low chemical stability of PEO. This forced us to look for chemically more stable 
alternatives. Having a mechanically stable membrane is another motivation for 
exploring composite membranes. Therefore in the following sections, first 
generation of inorganic-organic hybrid membranes consisting of NASICON-
type LAGP ceramic as a filler in PEO-based polymer host will be investigated. 
 By varying the mass fraction of the ceramic and polymer constituents, 
mechanical properties and ionic conductivity of the membrane having the 
thickness of 100-200 μm were optimized (see section 2.2 for preparation 
method). The optimization of the composition of the first generation of hybrid 
membrane had to balance a number of criteria including overall conductivity, 
uniformity of the membrane as well as mechanical properties and processability 
of the membrane. Increasing the LAGP content makes the composite membrane 
more brittle and makes it more difficult to achieve an intact freestanding 
membrane, a lower LAGP content increased the total conductivity, but often led 
to non-uniform membranes where the ceramic components aggregate. As can 
be seen in Figure 3.32 (a), this first generation membrane is flexible enough to 




be handled easily during characterization. SEM micrographs of the membrane 
for different magnifications are shown in Figure 3.32 (b-d). Accordingly, the 
polymer blend is supposed to fill the gaps between ceramic particles (improving 
the density of the membrane) and cover the surface of the ceramic particles 
preventing a direct contact between LAGP and lithium. As seen here, there 
remain pores on the surface in the membrane after the evaporation of the 
solvent.  
 
Figure 3.32 (a) first generation hybrid inorganic-organic membrane; SEM 
micrographs of hybrid membrane (as-prepared) for different magnifications of (b) 
×1K; (c) ×3K and (d)×5K. 
Figure 3.33 shows the XRD pattern of the PEO-based hybrid membrane 
(first generation hybrid membrane). According to the Rietveld refinement, no 
changes in the crystalline phases of the sample occur during preparation. The 
lattice parameters of the main crystalline phase of LAGP in the membrane are 
a = 8.2532 (2) Å and c = 20.648 (1) Å, respectively, only slightly lower than the 









that no phase transitions occur in the main crystalline phase due to the slurry 
preparation.  
 
Figure 3.33 Rietveld refined XRD pattern of the first generation hybrid membrane (PEO-
based) with NASICON-type LAGP (R-3c) as the main crystalline phase. 
The optimized composition of the hybrid membrane contained 70 wt% 
LAGP crystal, 18 wt% PVDF as a binder, 6 wt % PEO as a plasticizer and 6 wt 
% LiBF4 yielding conductivity of 8×10
-4 S cm-1 (i.e. a resistance of <200 cm2, 
the highest value achieved for first generation hybrid membrane in this work). 
Room temperature bulk (σb) and grain boundary (σgb) conductivities of the 
membrane are 1.8×10-3 Scm-1 and 1.5×10-4 Scm-1, respectively (see Figure 3.34 
(a)). In composite membranes, ionic transport appears to be decoupled from the 
polymer relaxation mechanism, leading to Arrhenius type. To further study the 
changes in the conductivity of the membrane, high temperature electrochemical 
impedance spectroscopy was performed in the temperature range of 30 ºC to 80 
°C. In order to investigate the individual contributions of each of the 
components on the conductivity of the membrane, Arrhenius plots for the bulk 
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Figure 3.34 (a) room temperature Nyquist plot of impedance for first generation 
hybrid membrane (b) Arrhenius plot of the contributions of the polymer phase, 
ceramic phase and total conductivity for the first generation hybrid membrane. 
As expected, the conductivity increases with an increase in the 
temperature up to about 60 ºC. Above 60 ºC, where PEO starts to melt, the 
conductivity of the membrane starts to decrease. As evident in Figure 3.34 (b), 
the total conductivity of the membrane is slightly higher than the total 

















































slightly reduced to 0.27 eV. The bulk conductivity of the ceramic phase appears 
almost unchanged, while the bulk conductivity of the polymer phase (in the 
hybrid membrane) is 2-3 times smaller than the conductivity of the polymer 
itself, which might indicate some adsorption of the LiBF4 at the 
polymer:ceramic interface. Overall, the first generation of hybrid membrane 
meets the criteria of high ionic conductivity as anode protecting membrane, so 
that a more detailed study of its applicability appeared to be warranted as 
discussed below.  
Another key requirement for the membrane in aqueous Li-air cell is to 
be chemically stable in contact with lithium anode. Cyclic voltammetry of the 
first generation hybrid membrane at a scanning rate of 0.1 mV/s up to 4 V vs. 
Li/Li+ is presented in Figure 3.35. Accordingly, only two distinct peaks of 
cathodic deposition and anodic dissolution of the anode at -1.0 V to 0 V and 0 
V to 0.5 V are observed, respectively. This is an evidence for the wide 
electrochemical window and confirms that the membrane is stable in contact 
with lithium for the entire range of -1.0 V to 4.0 V.  
 
Figure 3.35 Cyclic voltammogram of the first generation hybrid membrane vs. Li/Li+ in the 
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Stability of the first generation hybrid membrane in contact with 
potential catholytes in aqueous Li-air cell was investigated by immersing it in 
the catholyte solution and monitoring the changes in the structure, morphology 
and conductivity. As mentioned earlier in this section, a drastic decrease in the 
conductivity of the polymer blend was observed after immersion and PEO was 
identified as the least chemically stable component in the polymer blend. 
Therefore the attempt here was to reduce the percentage of PEO in the recipe as 
much as possible to minimize the damage.  
In the initial experiments, glacial acetic acid (pH ≈ 2.4) and 
H3PO4/LiH2PO4 buffer solutions (pH ≈ 4) were used as catholyte solutions. The 
first generation composite membranes were geometrically stable and no change 
in the visual appearance of the membrane were observed after immersion and 
the volume change in the membrane before and after immersion was less than 
0.1%. The impedance plots for this composite membrane immersed in 
phosphate buffer before immersion and after immersion for 1 month are shown 
in Figure 3.36 (a-b). The impedance plot of composite membrane before 
immersion consists of a semicircle and a Warburg element at low frequencies. 
The membrane immersed in phosphate buffer for 1 week showed a depressed 
semicircle which could be caused by the partial decomposition of the membrane 
in the buffer. The total conductivity of the membrane remains almost constant 
after 1 week immersion. It is apparent from SEM micrograph of the membrane 
that at this stage, an intermediate layer is formed on the surface. This layer is 
probably contributing to the delay in the attack by covering the layers beneath 
(see Figure 3.36 (c)). For longer immersion periods both bulk and grain 
boundary resistances increased. The total conductivity was reduced by a factor 




of 2.9 and 7.5 for 20 days and 1 month immersion in the phosphate buffer, 
respectively. This should still be acceptable for the application as a membrane. 
Figure 3.36 (d) shows SEM micrographs for 1 month immersion with large 
holes left in sample.  
 
Figure 3.36 Room temperature Nyquist plots for first generation hybrid membrane (a) 
pristine; (b) after 1 month immersion in phosphate buffer; SEM micrograph of the first 
generation hybrid membrane (a) after short-term immersion (1 week) in H3PO4/LiH2PO4 
buffer solution and (d) long-term immersion (1 month) in H3PO4/LiH2PO4 buffer solution. 
Another try to improve the chemical stability of the PEO-based 
membrane was to increase the molarity of the phosphate buffer solution. For the 
H3PO4/LiH2PO4 (5M) buffer solution, the attack to the membrane was delayed 
with no change in the conductivity for almost 10 days. Even though the higher 
concentration of lithium ion holds the attack back to some extent, according to 
Rietveld refinement of the XRD pattern, signs of gradual decomposition of 
LAGP phase with increasing immersion time are evident. For 1 month 











































and the new impurity phase of lithium dihydrogen phosphate (‘LiH2PO4’; space 
group Pna21) is formed in the structure. Immersion results in a change in the 
lattice parameters of the LAGP phase where ‘a’ decreases from 8.2532 Å to 
8.2483 Å and ‘c’ increases from 20.648 Å to 20.7028 Å. This increase in the 
lattice parameter c can be understood as a consequence of an extraction of Ge 
from the LAGP phase (observed as an increase in the phase fraction of the 
impurity phase GeO2). The loss of Ge translates into higher Al:Ge ratio and 





Figure 3.37 Rietveld refinement of XRD patterns for first generation hybrid membrane 
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For longer period of almost 3 months, there is little trace of LAGP phase 
left in the crystalline pattern with mainly LiH2PO4 peaks present ((Figure 3.37 
(b)). In section (3.6.1), results of the aqueous Li-air cell using first generation 
hybrid membrane (PEO-based) and phosphate buffer as catholyte solution will 
be presented.  
Impedance profiles of the first generation membrane before and after 
immersion in glacial acetic acid are displayed in Figure 3.38 (a) and (b). For the 
case of more corrosive acetic acid, a drastic drop in the conductivity value by a 
factor of 2 (after 1 week) or 7.7 (after 20 days) was noticed. For 1 month 
immersion the conductivity dropped by 2.5 orders of magnitude. As expected, 
for the case of glacial acetic acid the attack is more severe, leaving large holes 
in the structure. In a similar attempt to investigate the effect of lithium ion 
concentration on suppressing the attack, membrane was immersed in 
CH3COOH-(HAc)-H2O-CH3COOLi(LiAc) solution. Zhang et al 
58 examined 
the stability of NASICON-type LATP in HAc-H2O-LiAc and reported that the 
crystal structure of LATP remains unchanged over several weeks of immersion 
with a slight decrease in the ionic conductivity. Our findings show that for 
LAGP based membrane, after immersion for 7 days, NASICON-type phase is 
partially replaced with new impurity peaks identified as lithium dihydrogen 
phosphate (‘LiH2PO4’; space group Pna21). According to Rietveld refinement, 
with prolonged immersion to 1 month, part of the amorphous phase crystallizes 
into the impurity phase of AlPO4.2H2O. Even though the NASICON-type 
LAGP is still present in the structure after one month immersion, the degree of 
attack to the polymer electrolyte (Figure 3.38) limits the applicability of the 
membrane in LABs with CH3COOH-(HAc)-H2O-CH3COOLi(LiAc) as 




catholyte. SEM micrographs of the membrane surface after immersion, showing 
the degree of attack to the polymer component of the membrane are presented 
in Figure 3.38 (c) and (d).  
 
Figure 3.38 Room temperature Nyquist plot for first generation composite membrane (a) 
pristine (no gold sputtering); (b) after 1 month immersion in glacial acetic acid; SEM 
micrograph of immersion in HAc-H2O-LiAc for (c) 10 days (d)1 month.  
In a search for a suitable catholyte solution, lithium chloride (LiCl) was 
next to try. This aqueous solution has been extensively studied as catholyte in 
Li-air batteries. Shimonishi et al.102 reported that NASICON-type LATP is 
stable in contact with the aqueous solutions saturated with LiOH and LiCl. In 
another study from the Imanishi group, the conductivity of the Li:polymer 
electrolyte:LAGP-5 wt% TiO2 films:saturated LiCl aqueous solution was 
monitored and according to their results, no changes in the interfacial resistance 












































The stability of our PEO-based hybrid membrane (first generation) in 
neutral and acidified solutions of LiCl (10M) was investigated to identify a 
suitable solid electrolyte:catholye couple. Changes in the crystal structure of the 
membrane with immersion time were compared using XRD. Figure 3.39 (a) 
shows the XRD pattern of the hybrid membrane before immersion and after 
immersion for 7 and 14 days. The Rietveld refinement of the XRD pattern of 





Figure 3.39. (a) Comparison of XRD patterns of the first generation hybrid membrane before 
and after immersion for one and two weeks (b) Refined Rietveld pattern of the hybrid 
membrane after immersion for 1 week with LAGP (R-3c) as the main phase along with GeO2 
and Li3PO4 as impurity phases. 









































a= 8.2651(2) and c= 20.6475(8)
GeO2 (P3121)
Li3PO4 (Pmnb)




After immersion for 7 days, the pattern looks almost identical with 
rhombohedral LAGP (space group R-3c) as dominant crystalline phase. 
Rietveld refinement confirms slight decrease in the lattice parameter c from 
20.6548 Å to 20.6475 (8) Å after immersion. This could be due to the partial 
extraction of Al from the LAGP phase. Broader background in the pattern 
compared to that of the pristine hybrid membrane is also indicative of the 
formation of an amorphous phase. Further analysis of the pattern confirmed the 
formation of new impurity phase of Trilithium Phosphate (“Li3PO4”; space 
group Pmnb) in the membrane after immersion. The phase fraction of the 
impurity phase Li3PO4 slightly increased with immersion time while 
NASICON-type LAGP is still the dominant phase in the structure. Changes in 
the surface morphology of the hybrid membrane were also monitored for 
immersion in LiCl (10M) catholyte solution. SEM micrographs of the 
membrane before and after immersion are shown in Figure 3.40. As can be seen 
here, in the case of LiCl (10M) the attack to the surface of the polymer 
electrolyte is more moderate compared to the previous cases. Hence, amongst 
the catholyte solutions tested so far LiCl (10M) shows the most desirable 
stability.  
(a)                                                                            (b) 
 
Figure 3.40 SEM micrograph of first generation hybrid inorganic-organic membrane (a) 
pristine (b) after immersion in LiCl (10M) aqueous solution for two weeks at room 
temperature.  




As mentioned in the introduction chapter, both alkaline and acidic 
aqueous solutions are of interest for Li-air cell and higher cell voltages will be 
achieved for lower pH values. Hence, the stability of the membrane in acidified 
LiCl (10M) solution was also investigated. As expected, the polymer 
component of the membrane showed very low stability in this acidic aqueous 
solution and was severely attacked. Figure 3.41 (a) shows a distorted surface 
morphology after immersion. Moreover, an increase in the bulk resistance of 
the membrane from 100 Ωcm-1 before immersion to 2200 Ωcm-1 after 
immersion was observed confirming the attack to the polymer component of the 
membrane. Nyquist plots and XRD patterns of the membrane before and after 
immersion are shown in Figure 3.41 (b) and (c), respectively.  
(a)                                                                     (b) 
 
                           (c) 
 
Figure 3.41 (a) SEM image of the surface morphology of the membrane after immersion for 
20 days (b) changes in the room temperature Nyquist plots of impedance after immersion for 

































For long term immersion in this case, Rietveld refinement of the XRD pattern 
confirmed that the main phase of NASICON-type LAGP is gradually replaced 
by GeO2. 
In this section, first generation of hybrid membranes were studied in detail. 
Overall, this hybrid membrane is flexible with improved mechanical properties 
and easy to fabricate. Even though the membrane shows high Li+ ion 
conductivity and stability in contact with lithium anode, its chemical stability in 
contact with catholyte solutions needs to be further improved to allow for long 
lifetime and better performance of the Li-air cell. The performance of the 
aqueous Li-air cell employing first generation hybrid membrane will be 
discussed in details in section (3.6.1).  
Among the components of the first generation hybrid membranes, PEO 
showed the lowest resistance to chemical attack by acidic and basic solutions. 
As a consequence an improved recipe needs to replace this polymer with more 
resistant ones. As described in the upcoming section, a second generation 
inorganic-organic membrane has been designed and realized, and the properties 
of this novel membrane will be discussed.  
3.5.2 Second Generation of Inorganic-organic Hybrid Membrane 
For the modified recipe of the hybrid membrane, more resistant polymer 
materials were examined to replace the existing ones. Amongst all the available 
options, Butvar B98, a type of polyvinyl butyral resin, with high resistance to 
acidic and basic aqueous solutions and strong adhesion to ceramic particles was 
chosen as one of the main components of the hybrid membrane. Butyral, acetate 
and hydroxyl are the three main functional group in any polyvinyl butyral resin. 




In B-98, the content of hydroxyl (PVA) is higher compared to other available 
types (e.g. B-76 and B-79) which results in higher stiffness and strength.165, 166 
As pure polyvinyl butyral resins are not flexible at room temperature (the glass 
temperature of Butvar B98 is 72-78 C) a plasticizer needs to be added. Here, 
benzyl butyl phthalate was employed as the plasticizer, because it helps make 
the binder flexible by lowering the Tg of the B-98.
167 To produce a uniform 
membrane, different solvents and additives were explored along with different 
processing methods. The finalized recipe of the membranes resulted in fast 
lithium ion conducting, light-weight, flexible hybrid inorganic-organic 
membranes that combine the fast-ionic conductivity, electrochemical and 
mechanical stability of their ceramic component with the fundamental 
advantage of organic compounds that they are more easily scalable and more 
easily molded into desired shapes and sizes than purely ceramic solid 
electrolytes.  
In one of the first trials involving new polymers, LAGP ceramic as the 
ceramic filler was mixed with benzyl butyl phthalate-plasticized Butvar B98 in 
a combination of ethanol and toluene as solvents. This recipe contained 60 wt% 
of ceramic and 40 wt% of polymer+solvents. The mixture was ball-milled using 
zirconia cups and balls and tape-cast on copper foil. One of the main issues with 
this type of composite material was a very short time window to tape cast the 
membrane after ball milling due to the fast evaporation of solvents. The surface 
of the membrane was hence uneven. When the amount of solvent was increased 
further to delay the drying of the membrane, this resulted in a porous membrane 
as shown in SEM micrograph of the surface in Figure 3.42. 





Figure 3.42 SEM image of the surface of hybrid membrane with toluene and ethanol as 
solvents. 
To overcome this problem, NMP was chosen to replace both toluene and 
ethanol. NMP has larger molecular weight and hence its boiling point is higher. 
The binder weight percentage was also slightly increased from 4% to 10% in 
the new recipe to better control the viscosity. One of the changes made to the 
processing method was to stir the polymer mixture at 70 ºC to improve the 
solubility. The overall result for this type was not very satisfying since (1) the 
LAGP ceramic particles were not distributed evenly throughout the membrane 
and (2) peeling the membrane off the substrate appeared to be a challenge. In 
addition to that, the ionic conductivity of the membrane was not desirable (in 
the order of 10-6 Scm-1). To address the issue of non-uniformity, PVDF was 
introduced as an additional binder to the recipe. For this new recipe, significant 
improvement in the flexibility was observed (see Figure 3.43). The resulting 
membrane was thin with uniform distribution of ceramic particles.  






Figure 3.43 Second generation of hybrid inorganic-organic membrane with high flexibility.  
Now that the free-standing membrane had been fabricated, the focus was 
turned onto improving the ionic conductivity. Most of the polymer components 
present in the recipe have low ionic conductivity. In the first generation PEO-
based membrane, LiBF4 salt was added to enhance the Li
+ conductivity. 
Therefore, the same approach of doping the membrane with LiBF4 was tested 
for the new composite membrane. In a particularly well-performing 
embodiment of the membrane system the weight percentages of the ingredients 
are as follows: LAGP 81%, Benzyl butyl phthalate 3%, Polyvinyl butyral resin 
4%, LiBF4 4% and PVDF 8%. The optimised amount of NMP solvent is 3.5ml 
for 1g of LAGP ceramic. Preparation of the above-mentioned exemplary recipe 
involves mixing of the components in a glass beaker at 80 ºC using a magnetic 
stirrer (200 rpm rotation speed). After 6 hours of stirring, the mixture was cast 
onto an aluminium foil and left to dry at 80 ºC overnight. This tape casting is 




easily scalable to large dimensions without compromising the homogeneity, 
thickness and performance of the membrane. 
The room temperature Nyquist plot of impedance data for this hybrid 
membrane is shown in Figure 3.44. Therefrom the total conductivity is 
calculated to be 1.0×10-4 Scm
-1, the highest conductivity so far achieved for the 
second generation of hybrid membranes, It may be noted that this value for the 
high stability second generation membrane is nearly an order of magnitude 
lower than for the best first generation membrane. But the value of conductivity 
is still acceptable for application as anode-protecting membrane in Li-air 
batteries.  
 
Figure 3.44 Room temperature Nyquist plot of second generation hybrid membrane, data 
fitted using FRA software and equivalent circuit of R(RQ)Q 
 
As mentioned earlier, the main objective behind modifying the recipe 
with highly resistant polymers was to improve the chemical stability of the 
membrane in catholyte solutions. Hence, the membrane was immersed in two 
catholyte solutions with different pH values and the changes in the structure 
were monitored. Figure 3.45 compares the XRD patterns of hybrid membrane 
before and after immersion in neutral LiCl (10M; pH ≈ 5-6). Interestingly, the 























immersion time. This translates into excellent stability of the hybrid membrane 
in neutral LiCl (10M). To investigate the slight changes in the phase fraction 
and lattice parameters of the main LAGP phase with immersion time more in 
detail, Rietveld refined patterns are compared and the results are summarized in 
Table 3.3. Accordingly, lattice parameters a and c are both almost constant for 
almost 6 months of immersion and the phase fraction of LAGP phase decreases 
only minutely. This proves a high chemical stability of these membrane in 
contact with LiCl (10M) for up to 6 months.  
 
Figure 3.45 XRD pattern of second generation hybrid membrane before and after immersion 
for up to 6 months in LiCl (10M, pH≈5-6) aqueous solution. 
 
Table 3.3. Changes in the phase fractions of crystalline phases of LAGP and GeO2 and lattice 
parameters of LAGP phase with immersion in neutral LiCl (10M) 
Neutral LiCl (10M) Phase Fractions Lattice Parameters/LAGP 
LAGP GeO2 A c 
Before Immersion 98 2 8.2614 (3) 20.636 (1) 
After 7 Days 97 3 8.2613 (2) 20.6393 (6) 
After 14 Days 97 3 8.2586 (2) 20.6494 (5) 
After 30 Days 96.70 3.3 8.2600 (2) 20.6491 (6) 
After 6 months 96.31 3.69 8.2603 (2) 20.6417 (7) 
 





















As shown in Figure 3.46, for LiCl (10M), the resistance decreased by 
immersion time resulting in enhanced conductivity. This decrease in the 
resistance could be attributed to the formation of new amorphous phase in the 
structure. Another possibility is the gradual increase in the salt doping of the 
polymer component with LiCl from the concentrated solution. Takahashi et 
al.168 observed the same trend for LATP immersion in lithium chloride and 
justified it by the formation of LiCl-xH2O with lower resistance at the grain 
boundary.169  
 
Figure 3.46 changes in the room temperature Nyuist plot of impedance for the second 
generation of hybrid membrane (with phthalate and B-98 butvar polymers) with immersion 
time (no gold sputtering) 
Further investigation of the chemical stability was carried out in a more 
corrosive catholyte solution of strongly acidified LiCl (10M) with pH value in 
the range of 2-3. As mentioned in an earlier section, first generation membranes 
didn’t show satisfying stability in acidified LiCl (10M) which renders the 
performance as anode-protecting membrane in LABs. However, the new 
membrane with modified recipe withstands the attack from the acid. XRD 






















there is no sign of decomposition for the second generation hybrid membrane 
in contact with this catholyte solution. Rietveld refinement of the XRD data 
shows that immersion for 1 month, results in only a minute decrease of the phase 
fraction of LAGP phase from 97 to 94.4 accompanied by only a minor 
segregation of a secondary phase of GeO2. The extraction of Ge from the main 
LAGP phase is evident from the constant increase in GeO2 phase fraction. As 
expected, for the more severe acidic solution the changes in the lattice 
parameters a and c are slightly more significant. A sharp drop occurs for the 
lattice parameter c over the first 7 days of immersion and subsequent decrease 
rate with prolonged immersion is small.  
 
Figure 3.47. XRD patterns of second generation hybrid membrane before and after immersion 
in acidified LiCl (10M) before and after immersion for up to 6 months 
 
Table 3.4 Changes in the phase fraction and lattice parameters of LAGP phase with 
immersion in acidified LiCl (10M) solution 
Acidified LiCl (10M) Phase Fractions Lattice Parameters/LAGP 
LAGP GeO2 a c 
Before Immersion  97.929 2.07 8.26119 20.6366 
After 5 Days 95.121 4.88 8.21935 20.5674 
After 12 Days 95.117 4.88 8.21927 20.567081 
After 30 Days 94.424 5.58 8.21662 20.561708 





















SEM images of the second generation hybrid membrane before and after 
immersion are shown in Figure 3.48. While the detailed morphology of the 
membrane gradually evolves over this long period, there are no signs of holes 
through the membrane formed on this extended exposure to the catholytes. The 
polymer layer formed on the surface of the membrane could be one of the 
factors contributing to the improved stability of the membrane by protecting the 
layers beneath.  
 
Figure 3.48. SEM images of second generation of hybrid membrane (a) before immersion (b) 
after 7 days of immersion (c) after 14 days of immersion (d) after 6 months of immersion 
Compared to a previously tested conventional hybrid membranes utilising 
PEO as the polymer component and again LAGP this is a major enhancement 
of the stability in contact with highly corrosive catholytes. As will be seen in 
section 3.6.2 this high stability of the proposed hybrid membrane directly 
translates into a higher performance energy storage system with longer cycle 










3.6 Aqueous Li-air Cell Employing First and Second 
Generation of Hybrid Membranes 
In this section, the applicability of first and second generation of hybrid 
inorganic-organic membranes will be investigated in the aqueous Li-air cell. 
Throughout the projects, extensive optimizations have been applied to the cell 
design to improve the performance and cyclability of the cell. The results will 
be discussed in details.  
3.6.1 First Generation Hybrid Membrane in Aqueous Li-air Cell 
In the Li-air coin cell design, the first generation hybrid membrane was 
sandwiched between lithium anode and the catholyte (impregnated on glass-
fibre separator) and the cell was tested at room temperature. Figure 3.49 shows 
the charge and discharge curves for the first cycles for varying catholyte 
solutions. In the simple coin cell design with neutral LiCl (1M) as catholyte, an 
open circuit voltage of ca. 2.9 V is observed (Figure 3.49 (a)). In the voltage 
range of 2-3.8 vs. Li/Li+ the cell with LiCl (1M) shows a capacity of 400 mAh 
per g of carbon, under constant current density of 200 mA/gC for discharge with 
relatively high overpotential of 0.93 V. As shown in Figure 3.49 (b) for the cell 
with acidified LiCl (1M), discharge and charge capacities of 350 mA.h/gC and 
250 mA.h/gC are achieved respectively with lower overpotential between charge 
and discharge curves compared to the neutral solution. However the charge 
curve is not as flat as to be expected. Similar to the previous cell, this cell failed 
after the first cycle. An aqueous Li-air coin cell using concentrated phosphate 
buffer catholyte reached a capacity of 990 mA.h/gC (Figure 3.49 (c)). For the 
cell employing phosphate buffer, the voltage values happen to fluctuate a lot 
and the charge and discharge plateaus are again not as flat as desired.  










Figure 3.49 first charge and discharge curves for the aqueous Li-air coin cell employing first 
generation of hybrid membrane(a) with neutral LiCl (1M) (constant current of 200 mA/gC for 
discharge and mA/gC for charge) (b) acidified LiCl (1M) and (c) concentrated phosphate 








































































Generally, sealing the cell to protect the lithium from the aqueous 
solution appeared to be a challenge in coin cell LABs. Also the pressure applied 
from the top to cramp the cell very frequently resulted in the breakage of the 
hybrid membrane (or pellet) leading to instant short circuit of the cell. For the 
cells that could charge and discharge, the main reason behind the poor 
cyclability could be the loss of contact caused by evaporation of the catholyte. 
These cells could only contain small amount of catholyte. For most of the cells, 
the separator was found to be dry after the cell was disassembled.  
Therefore we looked into an alternative design for the cell. In the new 
cell with optimized design (as shown in Figure 3.50), a larger reservoir was 
designated to house the catholyte solution. The option to maintain a continuous 
flow of the catholyte in the cell was also considered in the design. Form here 
onwards, the performance results presented have been measured using the new 
cell design.  
 
Figure 3.50 Design of the aqueous Li-air cell to enable continuous flow of the catholyte into 
the cell. 
Figure 3.51 (a) and (b) show the room temperature performance of a 
LAB when operated under open air conditions tested by cycling between 2 V 
and 4.2 V at constant current densities of 50 mA/gC and 100 mA/gC, respectively 
(no pump). The first generation hybrid membrane is sandwiched between the 
bottom part top part




lithium anode and the aqueous LiCl (10 M; pH≈6) catholyte. For the constant 
current of 50 mA.h/gC, the cell retains its pre-set charge and discharge capacity 
for the first 50 cycles with flat plateaus for most of the cycles. Each cycle was 
intentionally limited to 1 hour to study the cyclability of the cell and the 
membrane degradation. The overpotential of the cell gradually increases with 
prolonged cycling resulting in the failure of the cell. For the cell with higher 
current of 100 mA/gC, the cell worked for 79 cycles with capacity of 66 m.Ah/gC 






Figure 3.51 room temperature charge/discharge profiles of the cell with first generation 
hybrid membrane and 10 M LiCl (no pumping) at various cycles under constant current of (a) 
















































Great improvement in the cyclability of the cell (compared to Li-air coin 
cell) has thus been achieved by improving the design of the cell. It should be 
noted that in both of these cells, the catholyte is not being pumped into the cell. 
For these cells, the equilibrium voltage is lower than the standard voltage (see 
section 3.4.3 for more discussion). As can be seen in Figure 3.52, the cell 
overpotential reduces considerably by decreasing the current. For the cell 
working under a current of 50 mA/gC (0.015 mAcm
-2), the overpotential is <0.1 
V for most of the cycles, while for the cell with doubled current, this value is 
almost 5 times higher.  
 
Figure 3.52 Effect of constant current density on overpotential of the aqueous Li-air cell 
employing first generation hybrid membrane and 10 M LiCl. 
 
In the cells mentioned so far, once the catholyte reservoir is filled with 
catholyte, there would be no more supply to the cell. To investigate the loss of 
contact on the cathode side as one of the reasons behind the failure of the cell, 
continuous flow of the catholyte was provided in the cell. Figure 3.53 (a) shows 
the room temperature cycling performance of the cell with continuous flow of 
the LiCl (10M) catholyte. Successful charge and discharge curves with flat 




























overpotential of the cell is relatively large (Figure 3.53 (b)). The pumping led 
to flooding of the catholyte even for very low flow rates. Different mechanisms 
for the charge and discharge cycles (with pumping) has been identified as a 
possible cause of the large overpotential in the cells with LAGP pellets and the 






Figure 3.53 (a) room temperature cycling performance and (b) charge and discharge profiles 
of the cell with first generation hybrid membrane and continuous flow of the LiCl (10M) 
catholyte under constant current of 100 mA/gC. 
 
For the 10th cycle onwards, the discharge voltage and subsequent to that 
charge voltage starts to decrease. For the 15th cycle the discharge voltage 
dropped below the set limit of 1 V, hence the battery could only be charged but 
not discharged. The cell eventually failed after 30 hours. In the cell with 
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the cell, the rate of attack to the membrane also increases. Hence, the chances 
that the top surface of the lithium anode would be attacked by the catholyte 
solution is higher. The discharge voltage is hence reduced due to the formation 
of an intermediate layer between the lithium anode and the hybrid membrane 
In another attempt using the pump, the charge and discharge capacities 
of the cell were limited to 500 mA.h/gC (5 hours cycling for each charge and 
discharge). For this particular cell, the cell took longer time to stabilize. The 





Figure 3.54 (a) cycling performance and (b) charge and discharge profiles of the cell with 
first generation hybrid membrane and continuous flow of the LiCl (10M) catholyte under 
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Compared to the cell with limited capacity of 100 mA.h/gC 
(Figure 3.53), this cell shows higher discharge voltage. Apart from the possible 
variations in both membrane and air cathode, this cell is first discharged. A 
possible reason could be the changes in the pH value of the solution. The initial 
pH of LiCl (10M) solution is about 6. If the cell is discharged first, LiOH will 
be produced as the reaction product, increasing the pH of the solution which 
hence minimizes the attack to the membrane and affects the catalyst activity. In 
the cell working with pump, flooding of the catholyte from the top possibly 
caused the failure of the cell. Another possible reason for the failure could be 
the accelerated decomposition of the catalyst or corrosion of carbon support due 
to the high overpotential of the charge.155 51 
As mentioned earlier in section (3.5.1), the first generation of hybrid 
membranes exhibited poor stability in acidified LiCl (10M) solution which is 
not desirable for aqueous Li-air cell. To highlight this, the performance of the 
cell employing first generation hybrid membrane and acidified LiCl (10M) was 
also investigated and the result is shown in Figure 3.55 (a). Even though the cell 
shows smaller overpotential compared to neutral LiCl (see Figure 3.55 (b)), the 
lifetime of the cell was much shorter. The overpotental of the cell increased 
gradually followed by a sudden failure of the cell. This could be due to the attack 
to the polymer component of the hybrid membrane creating the path for the 













Figure 3.55 (a) cycling performance of the cell using first generation hybrid membrane and 
acidified LiCl (10M) as catholyte (no pump) (b) overpotential between charge and discharge 
curves. 
Overall, poor chemical stability of the first generation of hybrid 
inorganic-organic membrane was the main reason limiting the performance of 
the LABs. Hence, in the next section, performance of the cell using highly stable 








































3.6.2 Second Generation Hybrid Membranes in Aqueous Li-air Cell 
In order to resolve the problem arising from the limited stability of the first 
generation hybrid membrane, the recipe of the membrane was improved to more 
resistant polymers. The results of the chemical stability of the second generation 
hybrid membranes were presented in detail in section (3.5.2) and the membrane 
showed excellent stability in both neutral and acidified LiCl (10M) solutions. 
This improvement in the stability of the hybrid membrane is expected to result 
in the better performance of the cell. Figure 3.56 (a) represents the room 
temperature cycling performance of the aqueous Li-air battery using hybrid 





Figure 3.56 (a) cyclic performance of the cell employing neutral LiCl (10M) and second 
generation hybrid membrane (b) charge/discharge profile of the cell with flat plateaus for 
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Each cycle was limited to 1 hour and the current was kept constant at 100 mA/gC 
in the voltage range of 2 to 4.0 V. One drop of organic electrolyte is added on 
the Lithium anode to improve the contact. The charge and discharge curves 
show small overpotential and flat plateaus as shown in Figure 3.56 (b). This 
battery cycled successfully for 82 cycles (= 82 hours) until the overpotential 
became too large, causing the battery to fail. After the battery was disassembled, 
it seems the membrane had minor cracks (produced during cell assembly) that 
allowed catholyte to leak and touch the lithium metal anode side, which 
rendered the failure of battery. 
For the cell employing first generation hybrid membrane (PEO-based), 
the lifetime of the cell with acidified LiCl (10M) as catholyte was very short 
which was expected from the low chemical stability of the membrane in 
acidified LiCl (10M). Performance of the new hybrid membrane was also 
investigated in the cell utilizing acidified LiCl (10M) and compared with the 
first generation.  
Room temperature electrochemical performance of the battery in the 
voltage range of 2 to 4 V at the constant current of 100 mA/gC (0.03 mAcm
-2) 
is shown in Figure 3.57 (a). As can be seen in the figure, this cell works with 
low overpotential of < 0.4 V for most of the cycles. After about 70 hours of 
cycling there is a sudden increase in the overpotential of the cell, which is later 
recovered by the cell itself. The cause of this anomaly could not be identified. 
The increase in the cell overpotential for both neutral and acidified LiCl (10M) 
solutions occurs around the same time but for the cell with acidified LiCl (10M), 
the recovery occurs within the cell. The battery worked for 140 cycles where 
each cycle was limited to 1 hour (corresponding to a capacity of 50 mA.h/gC). 




As shown in Figure 3.57 (b), the cell retains its pre-set charge and discharge 





Figure 3.57 (a) cyclic performance of the cell employing acidified LiCl (10M) and second 
generation hybrid membrane (b) charge/discharge profile of the cell with flat plateaus for 
both charge and discharge cycles 
 
Figure 3.58 (a) and (b) compare the cell overpotentials for the second 
generation hybrid membrane with first generation membrane (PEO-based) and 
the LAGP pellet in aqueous Li-air cell, respectively. As can be seen in 
Figure 3.58 (a), higher conductivity of the PEO-based yields to smaller 
overpotentials. Hence, by improving the conductivity of the membrane further, 
higher energy efficiencies can be achieved. For the aqueous cell with LAGP 
pellet (Figure 3.58 (b)), the high overpotential of the cell in the beginning of 
cycling is improved by prolonged cycling probably due to the improved contact 
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pellet is higher than the second generation membrane, the resistances coming 
from the thickness of the pellet and also the interface resistances are other 






Figure 3.58 Cell overpotential vs. cycle number for the second generation hybrid membrane 
with (a) first generation of hybrid membrane and (b) LAGP pellet 
 
A pronounced improvement in the lifetime of the cell is observed for the 
modified recipe of the membrane compared to both LAGP pellet and PEO-























































failed after 10 cycles). The overall results demonstrate the feasibility of the 








This study was undertaken to design and realize the novel hybrid inorganic-
organic membranes based on fast Li+ conducting NASICON-type LAGP 
ceramics and to evaluate the applicability of the membrane as anode-protecting 
membrane in aqueous and hybrid Li-air batteries. Devices are designed using 
aqueous electrolytes that possess high solubilities for the discharge product to 
ensure reversible operation as well as to maximize power performance, cycle 
efficiency, scalability and safety.  
The key findings of the study are summarized as follows: 
NASICON-type Li1.5Al0.5Ge1.5(PO4)3 ceramics were synthesized and the 
effect of annealing conditions on the crystal structure and ionic conductivity 
were explored (chapter 3.1). A detailed in situ synchrotron XRD study was 
conducted to rationalize and improve the synthesis process of NASICON-type 
Li1+xAlxGe2-x(PO4)3 ceramics and to produce phase pure LAGP with effective 
Al doping that should yield maximum ionic conductivity. Results are closely 
correlated to and provide straightforward explanations for the variation in the 
properties of ex situ samples with the respective annealing conditions 
(sections 3.2.1and 3.2.2). Sequential Rietveld refinements of the in situ data 
revealed that even though the sample starts to crystalize at around 570 °C, 
effective Al incorporation into the LAGP structure requires prolonged heating 
to about 800 °C. At the early stages of crystallization, Al-poor LGP is the 
dominant phase but keeps vanishing with further heating of the sample resulting 
in a more homogenous structure. On the other hand, heating the sample to high 
temperatures (≈950 °C), results in the extraction of Al from the outer shell of 





Germanium mullite, upon cooling, decomposes into AlPO4 and is in part 
responsible for significant deviations of the Al-content in LAGP and final 
product compositions. The result of this study along with the literature data 
permitted us to establish a correlation between lattice parameter ‘c’ and the 
amount of Al content in LAGP generally and this can be used to estimate the 
actual concentration of Al dopant in the structure at room temperature. The 
highest total conductivity of 4×10-4 Scm-1 was achieved for the sample annealed 
at 850 °C for hours.  
Aqueous and hybrid Li-air batteries were assembled employing LAGP 
ceramic and various catholyte solutions. The pellet was sandwiched between 
lithium anode and catholyte solution (section 3.4). In hybrid cells the anode 
chamber was additionally filled with LiPF6 in EC/DMC electrolyte to facilitate 
interfacial charge transfer (section 3.4.2). In the aqueous cells, maintaining the 
flow system resulted in the flooding of the catholyte and an increased 
overpotential. For the cells with acidified LiCl (10M), lower overpotentials 
were obtained compared to neutral solutions. To identify the reasons behind low 
equilibrium voltage (lower than the standard potential), the effective voltage of 
the cell was studied in detail and the factors affecting the voltage were explored 
(section 3.4.3). One of the main factors discussed is found to be the competition 
between 2-electron and 4-electron reductions for the oxygen.  Further 
optimisation of the amount/activity of the catalyst for both ORR and OER 
would be necessary to prevent a transition to the 2-electron reaction with lower 
voltage and hence somewhat reduced energy density. One major challenge in 
handling the cells with LAGP pellet was to avoid the crack formation in the 





organic liquid of EC-DMC-LiPF6 was added as anolyte on the anode side. 
Significant improvements in the cell overpotential and lifetime were observed 
for the hybrid cells. Based on ex situ XRD results LAGP doesn’t undergoes any 
structural changes throughout the cycling. 
Another approach to improve the interfacial resistances and also to 
address the issues arising from the crack formation (in a too rigid LAGP pellet) 
was to design a hybrid membrane. Fast lithium ion conducting hybrid inorganic-
organic membranes that combine the fast-ionic conductivity, electrochemical 
and mechanical stability of their ceramic component with the fundamental 
advantage of organic compounds being more easily scalable and more easily 
molded into desired shapes and sizes are realized.  
For the PEO-based hybrid membrane (referred to as first generation), 
high ionic conductivity of 0.8 mScm-1 and electrochemical stability in the 
voltage range of -1 to 4 V were achieved (section (3.5)). Moreover, PEO-based 
membrane exhibited acceptable chemical stability in highly concentrated 
neutral acidified lithium chloride and phosphate buffers. However, low stability 
of PEO in the polymer electrolyte limits the lifetime of the LABs especially 
when strong acid and bases are used. Having this in mind, the aim was set out 
to eliminate the detrimental role of PEO by moving towards more resistant 
binders and plasticizers. The combination of polyvinyl butyral with phthalate-
based plasticizers is widely used as sacrificial binder for the tape-casting of 
ceramics including but not limited to ion-conducting ceramics. Unlike the 
conventional procedures, in our approach, the binder is not burnt away by a 
subsequent heat treatment step so that the final product is flexible. Secondly, 





salt as a component of the final membrane. The room temperature conductivity 
of this membrane is calculated to be 1×10-4 Scm-1. Interestingly, the new 
composite membrane (referred to as second generation) was found to be 
chemically stable in both neutral and acidified lithium chloride catholyte 
solutions (section (3.5.2)). A US patent application for this membrane is 
pending. 
Both first and second generation composite membranes were employed in 
aqueous Li-air cells. The greatly enhanced stability of the second generation 
hybrid membrane resulted in significantly improved battery performance and 
cycle life (section (3.6)). For the PEO-based membrane using acidified LiCl 
(10M), even though the cell showed low over potential, it failed after few cycles 
due to the attack to the polymer blend causing short circuit. On the other hand, 
the cell employing second generation membrane successfully cycled for more 
than 100 hours with low overpotenials (<0.2 V) and flat plateaus. Overall, these 
findings suggest the second generation membrane is proved to be a promising 
candidate as an easily scalable, light-weight, flexible and highly stable anode-
protecting membrane for aqueous Li-air batteries and related large scale high 
energy density Lithium-based batteries which can improve the performance and 
lifetime of the cell significantly.  
One of the significant findings to emerge from our study is the feasibility of 
achieving very low overpotentials in Li-air batteries. To compare the 
performance achieved in this work with the state of art, the reliable data on 
overpotential for different current densities in hybrid and aqueous Li-air 
batteries employing LATP or LAGP ceramics (the anolytes and catholytes 





hybrid systems). As seen from this graph for hybrid cells the overpotentials of 
the LABs produced in this project are among the lowest reported in the literature 
so far for the used current densities. 
Taken together, we have developed rechargeable hybrid Li-air cell 
employing the LAGP pellet and LiOH (5M), neutral and acidified LiCl (10M) 
as catholyte solution with low overpotentials and thus excellent energy 
efficiency up to 98%. For a cell with charge and discharge time of 5 hours each, 
energy density of 1350 mWh/gC was achieved with overpotential as low as 
0.2V.  
 
Figure 3.59 comparison between current vs. overpotential data for hybrid cells with 
varying cell arrangements for our work and the data extracted from literature 35, 38, 48, 58, 
61, 104, 133, 170-172.  
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RECOMMENDATIONS FOR FUTURE WORK 
The results obtained in this project provide the first step towards a deeper 
understanding of aqueous and hybrid Li-air batteries. There are still numerous 
challenges in the way of reaching the high energy density of LABs. These 
challenges translate into exciting opportunities for continued fundamental 
studies, few are suggested here:  
 We have successfully designed the hybrid inorganic-organic membrane with 
significant chemical stability (Sections 3.5 and 3.6), which proved to be a 
promising candidate as anode-protecting membrane in LABs. As for any such 
membrane the power performance of the battery system into which it will be 
integrated is controlled by its ionic conductance. Therefore, further studies can 
be carried out to improve the conductivity of the membrane: by fine-tuning the 
weight fraction, particle size or distribution and detailed chemical composition 
of the ceramic component as well the homogeneity of the salt doping within the 
polymer component and the thickness of the membrane. Functional coatings 
(e.g. by ALD) can be employed to further enhance the chemical compatibility 
of the membrane with more corrosive catholytes, reduce the interfacial 
resistance by controlling the hydophilicity and ensure that the membrane 
remains dense when the thickness is reduced further. To reduce charge transfer 
resistances we may also explore to increase the interface area intentionally to 
introduce pores in the outer layers of the membrane. 
Furthermore, the successful recipe of the hybrid membrane can be extended 
to other fast Li+ ion conducting ceramics including sulfides and oxides for 
applications in both all-solid-state lithium173 or sodium secondary batteries173 




and Li-air batteries. Garnet type LLZ is one potential candidate. In one recent 
attempt to fabricate Al-doped LLZ thin films via dip coating method, the ionic 
conductivity in the order of 10-6 Scm-3 has been reported.174 
For basic electrolytes, the detrimental effect of CO2 absorption remains a 
major challenge. As discussed in chapters (3.4) and (3.6), Li2CO3 was identified 
as one of the major factors causing the large overpotential of the cell. One 
straightforward solution to address this issue is to operate the cell in a pure 
oxygen environment. A more practical approach could be to assemble a solid 
anion-exchange membranes that display interpenetrating polymer network 
architecture and can be assembled on the air electrode surface to minimize the 
formation of Li2CO3 and improve its electrochemical stability in alkaline 
environment. First attempts in that direction yielded a tenfold improved 
discharge stability in 5M LiOH for LABs using such a cathode-side 
membrane.175 Given that, the chemistry of catholyte should hold importance to 
the performance of the LABs (e.g. cell voltage, energy density and etc…), 
adjusting the concentration of the catholyte to increase the solubility of O2 and 
also minimizing the attack to the solid electrolyte will allow us to realize the 
theoretical energy density of these batteries. One recent approach to control the 
pH of the acidic catholyte is to use a buffer solution via adding imidazole to the 
catholyte.176 These molecules will hold on to the catholyte during charging to 
keep the pH neutral and will release the protons upon discharge. If this approach 
works well also with more redox-stable ion-exchange materials it will allow to 
use wider range of solid electrolytes in the LABs.  
From the design aspect, separating the reaction chamber from reservoir and 
maintaining a temperature gradient between catholyte reservoir and reaction 




chamber will enable us to discharge beyond the solubility limit without clogging 
the cathode. As mentioned in the studied cells with flow system, the cell 
overpotential increased possibly due to flooding of the catholyte which hinders 
the oxygen diffusion into and out of the cell. One solution is to have hydrophilic 
pores on the catholyte side for proper wetting and hydrophobic gas diffusion 
pores.177, 178 For the hybrid cells dendrite formation on the lithium metal anode 
is one of the issues limiting the lifetime of the cell. Therefore, replacing LiPF6-
ECDMC by other electrolytes with higher resistant to the formation of dendrites 
is suggested.179-181 To further study the reactions in the cell, one experiment 
which is suggested is to monitor the occurrence of any side reactions in the cell 
by the use of mass spectroscopy method. Conducting GITT measurement will 
also help to find out more about the thermodynamics of the cell and the 
contribution of internal resistance to the overall overpotential upon cycling. 
Pt-catalyzed carbon cathodes (also employed in our study) are so far the most 
suitable air cathodes for neutral and acidic aqueous solutions in LABs.54, 178, 182 
However, using a bifunctional catalyst system is expected to increase the 
selectivity and effectiveness of OER (Pt and Pt-alloys) and ORR (Ir- and Ru-
based catalysts) reactions. Continued efforts are needed to explore the stability 
of this electrodes in the catholytes due to constant change of the pH in the cell 
and also saturated catholytes. Since the voltage of the cell is highly dependent 
on the competition between 2-electron reduction and 4-electron reduction 
reactions of O2, the activity of the catalyst needs to be adjusted to promote the 
4-electron pathway in the cell. It is also critical to explore a high-performance 
carbon candidate. Next step would be moving towards non-noble metals to 
lower the cost. Transition metal spinel compounds (e.g. NiCo2O4), N-doped 




carbon, nitrides, MnO2 and redox shuttles appear to balance the activity and 
price. Conducting polymer-transition metal catalysts constitute another option 
for both ORR and OER.  
We hope our findings can pave the way for improving the current understanding 
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